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"En el conjunto de la naturaleza no hay nada tan importante, o que merezca mayor 
atención, que el suelo. Realmente es el suelo el que convierte al mundo en un medio agradable 
para la humanidad. Es el suelo el que nutre y abastece al conjunto de la naturaleza. Toda la 
creación depende del suelo, que es la base esencial de nuestra existencia". 
(Friedrich Albert Fallou, padre de la ciencia del suelo, 1862). 
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La baja calidad de los suelos de mina implica graves problemas medioambientales, 
fundamentalmente la contaminación por metales y la acidificación de los suelos tanto de la mina 
como de las zonas circundantes. Por tanto, es fundamental aplicar algún tratamiento de 
recuperación a los suelos de mina. Los tratamientos de recuperación más comúnmente 
utilizados en este tipo de suelos son plantar vegetación y enmendar con residuos. Aunque había 
varios trabajos publicados sobre el efecto que tienen estos tratamientos en suelos de mina, 
apenas había información sobre el efecto del uso combinado de ambos tratamientos y en 
condiciones de campo. Además, también eran muy escasos los estudios sobre la calidad de 
suelos de mina con tratamientos de recuperación y aún no había sido elaborado un método para 
evaluarlo. 
Por todo esto, los objetivos principales de esta tesis eran: (1) evaluar cuál es el mejor 
tratamiento para incrementar la calidad de los suelos de mina (vegetar con pinos y eucaliptos, 
enmendar con residuos o ambos a la vez) y (2) elaborar una índice de calidad para suelos de 
balsas de flotación y de escombreras de minas vegetados con árboles y enmendados con 
residuos. Para ello, se seleccionaron suelos ubicados en una escombrera y en una balsa de 
flotación de una antigua mina de cobre. En cada tipo de suelo (balsa y escombrera) se 
seleccionaron áreas no tratadas (control), vegetadas, enmendadas con residuos y con ambos 
tratamientos. 
Con los análisis de las características de los suelos seleccionados se observó que el mejor 
tratamiento para incrementar la calidad tanto física como química y biológica de los suelos de 
mina es enmendarlos con lodos de depuradora y residuos de fábrica de papel. Finalmente, se 
propusieron dos índices de calidad para suelos de mina: uno para los ubicados en escombreras y 
otro para los de balsas de flotación, ambos en minas de cobre y recuperados mediante la 
plantación de pinos y eucaliptos y/o enmienda con residuos. La calidad de los suelos de mina 
evaluados, calculada con los índices propuestos, fue muy baja en las zonas sin tratamiento de 
recuperación y significativamente más elevada en los suelos vegetados y enmendados. El 
tratamiento que más aumentó la calidad de ambos tipos de suelos de mina fue añadir lodos de 
depuradora y residuos de fábrica de papel. No obstante, es recomendable añadir estos residuos 
con cierta periodicidad porque las características de los mismos que aumentan la calidad del 
suelo disminuyen con el paso del tiempo. 
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The low quality of mine soils implies important environmental problems, mainly 
pollution by metals and acidification of soils both located at the mine and at the surroundings. 
Therefore, it is essential to apply some reclamation treatment to mine soils. The reclamation 
treatments most used in that type of soils are planting vegetation and amending with wastes. 
Although there were some previous studies about the effect of these treatments on mine soils, 
there was little information about the combined effect of both treatments at the same time and 
under field conditions. Moreover, there was also few studies about the quality of mine soils with 
reclamation treatments and there had not been created any method for evaluating them. 
For all these reasons, the main aims of the present thesis are: (1) evaluating which is the 
best treatment to evaluate the quality of mine soils (vegetating with pines and eucalyptuses, 
amending with wastes and both) and (2) creating a quality index for both settling pond and mine 
tailing soils vegetating with trees and amending with wastes. Soils located in a mine tailing and 
a settling pond in a former copper mine were selected to carry out the studies. Areas with the 
different reclamation treatments (vegetation, amendment and both) as well as an area without 
treatment as a control were sampled within each zone (settling pond and mine tailing).  
The best treatment to increase the physical, chemical and biological quality of the studied 
mine soils was amending with sewage sludges and paper mill residues. Finally, two quality 
indexes were proposed for mine soils: one for mine tailings and another for settling ponds, 
located in copper mines and reclaimed by planting pines and eucalyptuses and/or amending with 
wastes. The quality of the studies mine soils, calculated with the proposed indexes, was very 
low in the located at the untreated areas and it was significantly higher in the vegetated and 
amended. The treatment that more increased the quality of both types of mine soils was 
amending with sewage sludges and paper mill residues. However, it is recommendable to add 
these types of wastes periodically because the characteristics of them that make to increase the 
quality of soils decrease over time. 
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1. Calidad del suelo 
1.1. Concepto e importancia de “calidad del suelo” 
El término “suelo” tiene significados diferentes dependiendo del ámbito científico  
(Pierzynski et al., 2005a). Agrónomos y botánicos lo definen como el medio para el crecimiento 
de las plantas. Los ingenieros, como el material que está entre la superficie del terreno y la roca 
sólida. Para los edafólogos, los suelos son entes naturales organizados e independientes, 
formados en la superficie de la tierra con unos constituyentes, propiedades y génesis que son el 
resultado de la actuación de una serie de factores activos (clima, organismos, relieve y tiempo) 
sobre un material pasivo (la roca madre). Aunque no hay consenso en cuanto a su definición, es 
evidente que las funciones del suelo son importantes y numerosas. La pedosfera (la capa más 
exterior de la Tierra), que está compuesta por los suelos, es una geomembrana activa que actúa 
como intermediaria entre los flujos de energía de los otras esferas (atmósfera, litosfera, 
hidrosfera y biosfera) y además hace posible que exista la vida terrestre (Ugolini and 
Spaltenstein, 1992). 
La apreciación de la importancia que tiene el suelo en problemas ambientales cambió a 
finales del siglo XX. De hecho, el concepto “calidad del suelo” apareció por primera vez en los 
años 80 del siglo pasado. Fue entonces cuando su importancia, no solo para producción agrícola 
sino para la sostenibilidad de los ecosistemas, fue ampliamente reconocida. En 1993 la FAO 
incluyó “calidad del suelo” en uno de los cinco criterios en los cuales se basa el manejo 
sostenible del suelo (FAO, 1993). Hoy en día (año 2013) hay varias definiciones para “calidad 
del suelo”. Esta falta de consenso a la hora de definir este concepto, hace que tampoco lo haya 
sobre cómo evaluarlo. Garrigues et al. (2012) propusieron definir “calidad del suelo” (1) 
teniendo en cuenta sus funciones y (2) teniendo en cuenta su uso. 
Si se define según las funciones, la “Sociedad Americana de la Ciencia del Suelo” (Soil 
Science Society of America) define “calidad del suelo” como “la capacidad de un tipo 
específico de suelo para funcionar, dentro de los límites de un ecosistema natural o manejado 
por el hombre, para mantener una productividad animal y vegetal, mantener o mejorar la calidad 
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del aire y del agua, y apoyar la salud y el establecimiento del ser humano”. Es importante tener 
en cuenta que un suelo puede tener una elevada calidad para una función pero no para otras. 
La otra definición de “calidad del suelo” (considerando su uso) es, sencillamente, su 
“aptitud para el uso” (Larson and Pierce, 1994). 
Como se puede observar, la primera definición enfatiza los servicios ecológicos del suelo 
mientras que la segunda implica sus usos específicos (p. ej., agrícola, forestal o industrial). Por 
tanto, las características del suelo que se deben analizar para evaluar su calidad dependen del 
uso del mismo. Por todo ello, no hay un conjunto de criterios o de valores óptimos que puedan 
ser aplicados de forma universal para evaluar la calidad de los suelos (Carter et al., 1997). Por 
ejemplo, un porcentaje elevado de arcilla es favorable en una zona semiárida porque ayuda a 
retener la humedad en el suelo, pero es perjudicial en una zona húmeda porque contribuye al 
mal drenaje. 
1.2. Indicadores de calidad del suelo 
Así como los suelos tienen características físicas, químicas y biológicas, la evaluación de 
su calidad también se puede dividir en esos tres grandes grupos de indicadores (Figura 1). 
 
Figura 1. La calidad del suelo está condicionada por sus características físicas, químicas y 
biológicas. 
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1.2.1. Indicadores de la calidad física del suelo 
La calidad física del suelo proviene principalmente de sus partículas primarias y 
secundarias, del espacio intra-partículas y entre-partículas (los poros del suelo). Las partículas 
primarias del suelo incluyen fragmentos de rocas, minerales y materia orgánica procedente de 
flora y fauna, tanto viva como muerta. Las partículas secundarias son, básicamente, grupos de 
partículas primarias (normalmente llamadas agregados) que también contienen mezclas de biota 
del suelo, material orgánico, agua y aire (Topp et al., 1997). Los procesos físicos que tienen 
lugar en el suelo controlan en gran medida la salida y entrada de gases, la infiltración y la 
percolación del agua, el movimiento de especies químicas solubles y la actividad biológica 
(Pierzynski et al., 2005a). 
Características del suelo que pueden ser indicadores físicos de su calidad son la densidad 
(aparente o real), el diámetro medio ponderado de las partículas (mean weight diameter, MWD), 
la estabilidad de los agregados (water stable aggregates, WSA) o la distribución del tamaño de 
partícula (proporción de arena, limo y arcilla). 
1.2.2. Indicadores de la calidad química del suelo 
La calidad química de un suelo influye tanto en su capacidad de proporcionar nutrientes a 
los organismos que habitan en él como en la de inmovilizar elementos tóxicos (p. ej., pesticidas 
o metales). La concentración en forma soluble de un elemento químico depende de las 
características químicas del suelo. La concentración de un elemento en esa forma suele 
determinar que pueda ser tomado o no por los organismos del suelo, su toxicidad y su 
movilidad. La especiación química de un elemento químico en el suelo ayuda a explicar cómo y 
porqué suceden fenómenos como la disponibilidad de nutrientes o la contaminación por 
metales. La especiación química es la distribución de un elemento o un compuesto entre todas 
las formas químicas presentes en fase sólida, líquida y gaseosa. Esta especiación está controlada 
por procesos químicos (reacciones) que tienen lugar en el suelo. Conocer las reacciones 
químicas que controlan la especiación de un elemento o un compuesto ayuda a predecir cómo 
un cambio en las características químicas del suelo afectará a la disponibilidad de nutrientes o a 
la movilidad y biotoxicidad de un contaminante (Heil and Sposito, 1997). 
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Características del suelo que pueden ser indicadores químicos de su calidad son la 
capacidad de intercambio catiónico (CIC), pH, conductividad eléctrica (CE), concentración de 
materia orgánica y composición mineralógica (Heil and Sposito, 1997). 
1.2.3. Indicadores de la calidad biológica del suelo 
Las características biológicas del suelo incluyen a los organismos vivos y al material 
procedente de los mismos. Los organismos vivos incluyen tanto plantas como animales y 
microorganismos. Los microorganismos del suelo tienen un papel clave en la biodegradación y 
transformación de sustancias contaminantes. Los procesos biológicos del suelo son importantes 
porque, entre otras cosas, pueden modificar el ambiente (p. ej., el pH y las reacciones redox) y 
participan en la transformación de sustancias inorgánicas y en la degradación de compuestos 
químicos orgánicos. 
Características del suelo que pueden ser indicadores biológicos de su calidad son carbono 
orgánico, carbono de la biomasa microbiana, la fracción ligera y mineralizable del carbono y el 
nitrógeno, actividades enzimáticas, flora y fauna. Estas características del suelo son 
particularmente apropiadas como indicadores de su calidad porque responden a los cambios 
tanto naturales como inducidos por el ser humano (Gregorich et al., 1997). 
1.3. Índices de calidad del suelo 
Un índice de calidad del suelo puede definirse como el conjunto mínimo de 
características del mismo que, cuando se interrelacionan, proporcionan datos numéricos de su 
capacidad para llevar a cabo una o más funciones (Acton and Padbury, 1994). Para elaborar un 
índice de calidad para suelos, primero hay que identificar las características del suelo que son 
clave, aquellas que son sensibles a las funciones del mismo. La identificación de características 
clave permite establecer un conjunto mínimo de datos (minimum data set, MDS) para evaluar la 
calidad del suelo (Larson and Pierce, 1994). Estos conjuntos de datos están compuestos por un 
número mínimo de características del suelo que pueden proporcionar una evaluación práctica de 
uno o de varios procesos importantes para una función específica del suelo (p.ej., la capacidad 
de retención de agua en un suelo agrícola). Las características seleccionadas para ese conjunto 
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deben cumplir una serie de requisitos: ser fácilmente medibles, tener una medición reproducible 
y poder ser estandarizadas. Además de todo esto, un MDS debe ser diseñado para hacer un 
seguimiento de la calidad de un suelo a lo largo del tiempo y, a la vez, debe poder medirse en un 
periodo corto (días o meses). En los casos en que la característica sea difícil o costosa de medir, 
ésta se puede estimar con un indicador o una función de pedotransferencia. También puede ser 
predicha por otras características del suelo, ya que muchas de ellas están interrelacionadas 
(Larson and Pierce, 1994). 
En los últimos años, varios autores han propuesto distintos MDS para evaluar la calidad 
de los suelos (Tabla 1). Los estudios más recientes han acotado aún más el número de 
características del suelo que es necesario analizar para evaluar su calidad reduciéndolas en una 
ecuación que indica el “índice de calidad del suelo” (soil quality index, SQI). 
Tabla 1. Indicadores utilizados por otros autores en índices de calidad del suelo en ecosistemas 
agrícolas. 
Autores Objetivo Indicadores utilizados 
Karlen and 
Stott (1994) 
Índice de calidad del suelo: evaluación de 
los efectos del manejo de residuos de 
cultivo en la calidad del suelo bajo cultivo. 
Estabilidad de los agregados, lombrices, 
biomasa microbiana, respiración, ergosterol, 
CT, NT, Da, agua disponible, pH y CE. 
Wang and 
Gong 
(1998) 
Índice relativo de la calidad del suelo: 
evaluación de cambios en la calidad del 
suelo en ecosistemas naturales y agrícolas. 
Profundidad del suelo, pendiente, MO, N, P 
y K total y biodisponible, CIC y pH. 
Brejda et al. 
(2000) 
Indicadores de la calidad del suelo: 
seleccionar indicadores del suelo para 
monitorear la calidad de diversos tipos de 
suelo. 
Nitrógeno mineralizable, biomasa 
microbiana, estabilidad de los agregados y 
COT. 
Bendfeldt et 
al. (2001) 
Indicadores de la calidad del suelo: 
monitoreo a largo plazo de la calidad de 
suelos de mina enmendados con residuos. 
MO, estabilidad de los agregados, N 
mineralizable, P extraíble, Da, porosidad, 
distribución de agregados por tamaño 
(Andrews et 
al., 2002b) 
Índice de la calidad del suelo: evaluación 
de la calidad del cultivo de tomate y 
algodón en forma convencional y orgánica. 
MO, CE, pH, estabilidad de los agregados, 
Dr  y Zn. 
Koper and 
Piotrowska 
(2003) 
Índice bioquímico de fertilidad del suelo: 
comparación de efectos a largo plazo entre 
fertilización orgánica y mineral. 
COT, NT, actividades enzimáticas de 
deshidrogenasa, fosfatasa alcalina, proteasa 
y amilasa. 
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Tabla 1. (cont.) Indicadores utilizados por otros autores en índices de calidad del suelo en 
ecosistemas agrícolas. 
Autores Objetivo Indicadores utilizados 
Seybold et 
al. (2004) 
Índice de la calidad del suelo: evaluación 
de la calidad de suelos de mina 
recuperados a suelos de cultivo. 
COT, CIC, pH, capacidad de agua 
disponible, Da e índice morfológico del 
suelo. 
Masto et al. 
(2007) 
Índice de la calidad del suelo: evaluación 
de suelos agrícolas fertilizados con 
estiércol inorgánico y/o de granja. 
Da, retención de agua, pH, CE, 
biodisponibilidad de  nutrientes, MO y 
biomasa microbiana. 
Erkossa et 
al. (2007) 
Índice de la calidad del suelo: comparar el 
efecto de los métodos de preparación del 
suelo en su calidad. 
Da, estabilidad de los agregados, TOC, 
biomasa microbiana, pH y capacidad de 
agua disponible. 
Imaz et al. 
(2010) 
Índice da calidad para suelos de cultivo de 
cereales en zonas semiáridas. 
Resistencia a la penetración, material 
orgánica particulada, MO total, y 
estabilidad de los agregados. 
Yao et al. 
(2013) 
Conjunto mínimo de datos para evaluar la 
calidad de suelos de granja afectados por 
salinidad. 
MO, densidad del C orgánico, Na
+
, Cl
-
, CE 
del agua, nivel de la capa freática. 
Abreviaturas: CE, conductividad eléctrica; CIC, capacidad de intercambio catiónico; CT, carbono total; 
COT, carbono orgánico total; Da, densidad aparente; Dr, densidad real; MO, materia orgánica; NT, 
nitrógeno total. 
Según todo lo mencionado anteriormente, para elaborar los índices de calidad propuestos 
en esta tesis, hemos optado por el esquema expuesto en la Figura 2, combinando análisis 
factorial y puntuación de los valores. 
Para seleccionar las características de los suelos que van incluidas en la ecuación, es 
decir, el conjunto mínimo de datos (MDS) para evaluar la calidad, se realizó un análisis de 
componentes principales, como describen (Andrews, Mitchell, et al., 2002). Para realizar este 
análisis, primero se estandarizaron (tipificaron) los datos para evitar el efecto de las distintas 
unidades en las variables que se iban a utilizar (características del suelo). De esta forma, todos 
los datos quedaban con media = 0 y varianza = 1 (varianza total = número de variables). Con los 
datos ya estandarizados, se realizó un análisis de componentes principales (principal component 
analysis, PCA) para agrupar las variables en factores basados en su correlación entre ellas (Imaz 
et al., 2010). Para hacer el MDS, solo se seleccionaron las variables que tienen más peso dentro 
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de cada componente principal. Las que tienen más peso son las que están dentro del 10% del 
mayor valor de cada PC (Andrews et al., 2002b). De esas variables seleccionadas por tener 
mayor peso, se observó si había redundancia entre ellas haciendo un análisis de correlaciones 
bivariadas. En caso de redundancia, se seleccionó la de mayor peso en su PC. 
 
Figura 2. Pasos para conseguir un índice de calidad del suelo a partir de un conjunto mínimo de 
datos. 
Una vez seleccionadas las variables para la ecuación, se elaboró una tabla con las 
puntuaciones de cada una de acuerdo al efecto de su valor real en el suelo, basándonos en la 
creada por Amacher et al. (2007). Para obtener un valor de SQI entre 1 y 100 para cada suelo, se 
dividió la suma de las puntuaciones de las variables entre la máxima puntuación posible del 
índice y multiplicando el resultado por 100. Por tanto, el índice de calidad de cada suelo se 
calcularía con la siguiente ecuación: 
 
De esta forma, un valor de SQI próximo a 100% indica una calidad muy elevada y, un 
valor próximo a 0, muy baja. 
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La mayoría de los estudios sobre calidad de suelos están enfocados a suelos agrícolas o 
forestales. Sin embargo, también es importante estudiar la calidad de los suelos de mina que han 
sido o están siendo recuperados. Un suelo de mina necesita tener una calidad que permita el 
desarrollo de las especies vegetales que se usan en su recuperación (Bendfeldt et al., 2001). 
2. Suelos de minas metálicas 
2.1. Concepto y problemática 
La minería es la actividad industrial que se dedica a la obtención de recursos geológicos. 
Las explotaciones mineras se pueden clasificar en dos grandes grupos: subterráneas y a cielo 
abierto. Las minas de extracción de metales suelen ser a cielo abierto. Los metales que son 
aprovechables (p. ej., cobre, oro) se encuentran en mayor concentración en determinadas zonas 
de los minerales de las rocas. Estas zonas son llamadas menas, y el material que está alrededor y 
no se aprovecha es llamado ganga. Un ejemplo gráfico del proceso de extracción del cobre 
desde la mena hasta su concentración en forma de cátodo con un 99% de pureza se puede 
visualizar en la Figura 3. Explicado a grandes rasgos, el material de la mena se extrae con 
explosivos o maquinaria y se reduce de tamaño por aplastamiento y/o un circuito de molienda 
(pasos 1 y 2 de la Figura 3). Luego se realiza un proceso para concentrar el metal, para lo cual 
hay varios métodos. Uno de ellos la flotación, en el cual se transporta el material de la mena que 
ya es de pequeño diámetro, como un lodo, a una balsa de flotación (paso 3). En la balsa se 
añaden productos químicos al lodo para que el metal que se quiere beneficiar se adhiera a 
burbujas de aire. Cuando el aire es forzado a pasar a través del lodo, las burbujas que suben 
arrastran con ellas las partículas del metal. Se forma una capa de espuma cargada de metal en la 
superficie de la balsa de flotación (paso 4), la cual luego se recoge, se somete a un proceso de 
electrodeposición para separar el cobre (paso 5) y finalmente el metal se concentra para obtener 
un cátodo de elevada pureza (paso 6). 
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Figura 3. Proceso de extracción del cobre desde la mena hasta su concentración en forma de 
cátodo. 
En el fondo de la balsa de flotación queda un lodo con el material que no ha sido 
aprovechado. Como se puede observar, en la minería metálica los materiales de desecho se 
acumulan en dos sitios distintos, dependiendo de su tamaño de partícula. El material con 
diámetro mayor de 1 mm se deposita en las escombreras, mientras que el material fino 
producido por decantación en la balsa de flotación se acumula en la propia balsa o en otro lugar 
(Figura 4). Un tiempo después de que la actividad minera haya finalizado, la balsa está seca. 
Tanto las balsas de decantación secas como las escombreras de las minas han sido oficialmente 
aceptados como suelos según la FAO (2006), ya que tienen propiedades y pedogénesis 
dominadas por su origen técnico (creados por el ser humano). 
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Figura 4. Balsa de flotación en la mina de cobre en Morenci, Arizona (Fuente: Airphoto-Jim 
Wark) y escombrera de la mina de cobre en Touro (Galicia, España). 
La minería de superficie (a cielo abierto) produce más alteración del medio ambiente que 
la subterránea y, por tanto, la restauración del terreno después de la actividad minera es más 
laboriosa. Las minas abandonadas son uno de los problemas ambientales más importantes de las 
actividades mineras (USEPA, 2000). Los suelos que están ubicados en minas metálicas tienen 
importantes limitaciones para la supervivencia de los seres vivos como un pH muy extremo 
(normalmente muy ácido), contaminación por metales pesados y bajas concentraciones de 
nutrientes y de materia orgánica (Akala and Lal, 2001; Vega et al., 2005; Barrutia et al., 2011). 
Además, las zonas mineras pueden causar importantes problemas medioambientales a las zonas 
circundantes si sus suelos no son tratados adecuadamente. Uno de los problemas es el drenaje 
ácido de mina, el cual se produce cuando se oxidan los sulfuros que están en los fragmentos de 
roca que están expuestos al aire (Johnson and Hallberg, 2005; Lin et al., 2007). Otro gran 
problema es el incremento de la solubilidad de los metales debido al bajo pH del suelo 
(McBride et al., 1997; Lombi et al., 2002). De hecho, el agua de las minas abandonadas 
normalmente contiene elevadas concentraciones de metales pesados y sólidos disueltos, 
elevadas temperaturas y pH alterado (USEPA, 2000). Por tanto, debido a todos los problemas 
mencionados, es necesario mejorar la calidad de los suelos de mina para evitar la contaminación 
ambiental y al mismo tiempo estimular el desarrollo vegetal y animal.  
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2.2. Recuperación de la calidad de los suelos de mina 
Los suelos de mina están tan degradados que es muy difícil que los seres vivos se 
desarrollen en él y, además, apenas tienen capacidad para retener elementos contaminantes. Para 
incrementar la baja calidad de los suelos de mina es necesario aplicarles un tratamiento de 
recuperación que aumente sus concentraciones de nutrientes (p. ej., N, K o Ca) y de 
componentes con capacidad de sorción (p. ej., materia orgánica o arcilla). 
Un tipo de tratamiento de recuperación de suelos de mina es enmendarlos con residuos. 
Debido a la enorme superficie que ocupan la mayoría de las escombreras y las balsas de 
flotación, está muy extendido el uso de residuos para enmendar este tipo de suelos (Calace et 
al., 2005; Tandy et al., 2009; Baker et al., 2011; Karami et al., 2011). Los residuos más 
utilizados son, probablemente, los lodos de depuradora, ya que están disponibles en gran 
cantidad y tienen una elevada concentración de materia orgánica y nitrógeno (Martínez et al., 
2003; Bertoncini et al., 2008). Sin embargo, también se ha observado que en algunos casos 
contienen metales pesados en concentraciones por encima del umbral de contaminación (Walter 
et al., 2006; Wang et al., 2008). Por eso es recomendable analizar los lodos antes de añadirlos al 
suelo, ya que pueden ser descartados para su uso como enmienda debido a su concentración de 
metales. También son habituales como enmendantes de suelos de mina los residuos procedentes 
de fábricas de papel, ya que tienen una elevada concentración de materia orgánica y carbonatos 
(Calace et al., 2005; Tripathy et al., 2008). 
Otro tratamiento de recuperación de suelos de mina consiste en implantar especies 
vegetales (Dary et al., 2010; Barrutia et al., 2011). Las plantas pueden atenuar la contaminación 
de metales, aumentar la concentración de materia orgánica y de nitrógeno y promover la 
actividad microbiológica en el suelo. La capacidad de atenuar esa contaminación es porque 
pueden retener los metales en el suelo (fitoestabilización) o acumularlos en sus tejidos 
(fitoextracción). El aumento de concentración de materia orgánica al implantar vegetación es 
debido al aporte de restos vegetales, y la de nutriente es porque las plantas fijan N en el suelo. 
Por tanto, cuanta más vegetación tiene un suelo, más aporte de C y N, lo cual facilita la 
proliferación de microorganismos en él. 
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2.3. Los suelos de la mina de Touro 
La mina ubicada en Touro (Galicia, noroeste de España) (Figura 5) fue explotada por 
Explosivos Río Tinto S.A. para extraer cobre entre los años 1974 y 1988 (14 años). El cobre se 
extrajo en dos cortas, Arinteiro y Bama, muy próximas entre sí (1300 m). 
 
Figura 5. Ubicación de la mina de Touro en España e imagen aérea de las cortas de Bama y de 
Arinteiro (respectivamente) en la actualidad. Fuente: ©Instituto Geográfico Nacional de España. 
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El cobre de Touro estaba en minerales de calcopirita y pirrotina (Figura 6). Se calculó que 
el yacimiento tenía una cubicación de más de 25 millones de toneladas y una ley de cobre de 
alrededor de 0,63% (IGME, 1982). En los años 80 el precio de este metal en el mercado 
descendió tanto que llegó un momento en que no compensó económicamente extraerlo en Touro 
y se cesó su explotación. 
 
Figura 6. Calcopirita y pirrotina. Fuente: “Minerals Education Coalition”. 
Desde 1988 hasta la actualidad, la empresa Explotaciones Gallegas aprovecha la mina 
para extraer material para la rodadura de carretera. La antigua explotación de cobre dejó detrás 
de sí una escombrera de más de 760 ha y una balsa de decantación de gran extensión que ya está 
seca desde hace años. Cuando se terminó de extraer cobre en Touro, apenas se llevaron a cabo 
actividades de recuperación de los suelos de la escombrera. Tan solo se vegetaron algunas zonas 
con Pinus pinaster Aiton o Eucalyptus globulus Labill y además su crecimiento fue bastante 
deficiente. Debido a esto, hubo muchos problemas de contaminación en las zonas circundantes 
(suelos y aguas) debido al drenaje ácido de mina y a la elevada concentración de metales 
pesados en disolución.  
 
Figura 7. Pilas de compostaje de residuos y material listo para ser añadido en el suelo 
(respectivamente) fabricado por la empresa T.E.N. 
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Para resolver estos problemas, la empresa Tratamiento Ecológicos del Noroeste S.L. 
(T.E.N.) empezó en 2004 a recuperar toda la superficie de la mina. Como el desarrollo de los 
árboles plantados en la mina era muy inferior al observado en zonas no degradadas, esta 
empresa decidió enmendar los suelos para ayudar al desarrollo de la vegetación. Debido a la 
enorme superficie a restaurar, decidieron utilizar residuos como enmiendas, a los que 
denominaron “tecnosoles”. Los residuos más utilizados por T.E.N. hasta la actualidad han sido 
lodos de depuradoras procedentes de varias ciudades gallegas y residuos de fábricas de papel. 
También han experimentado añadiendo residuos de bateas de mejillón y de varias industrias (p. 
ej., agroalimentaria, ganadera o de fabricación de aluminio). La empresa ha ido mejorando la 
técnica del uso de estos tecnosoles observando el comportamiento al añadirlas en varias zonas 
de la mina. De hecho, pueden elaborar tecnosoles específicos para las necesidades de cada 
suelo, con mayor o menor concentración de determinados componentes. Estas enmiendas las 
denominan “tecnosoles a la carta” (tailor-made Technosols) (Yao et al., 2009; Macías and 
Camps Arbestain, 2010). Las primeros tecnosoles se añadían al suelo tras haber sido apilado 
varios meses al aire libre para que los residuos fuesen lavados por la lluvia y secados luego por 
escurrimiento (Instituto de Investigaciones Tecnológicas, 2008). En la actualidad (año 2013) 
realizan un tratamiento previo de los residuos orgánicos antes de añadirlos al suelo. Primero los 
acumulan en pilas para higienizarlos y madurarlos es decir, para eliminar patógenos y estabilizar 
la materia orgánica (Figura 7). Esto se obtiene manteniendo las pilas a más de 55ºC durante 15 
h, aunque no más de 65ºC para no eliminar toda la actividad microbiológica. Las pilas se 
voltean con máquinas volteadoras aproximadamente cada 4 h para que los microorganismos 
descomponedores no se queden sin oxígeno y para que el material no se compacte demasiado. 
Cuando el material ya está higienizado y fermentado, se mezcla con componentes inorgánicos 
para acondicionarlo, se tamiza si se quiere obtener un determinado tamaño de partícula y ya está 
preparado para ser añadido al suelo. 
Hoy en día se pueden encontrar en Touro tres tipos de tratamientos de recuperación del 
suelo: i) plantación de P. pinaster o E. globulus, ii) enmienda con residuos y iii) plantación de 
pinos o eucaliptos y enmienda con residuos al mismo tiempo. Actualmente ya se puede observar 
que los árboles que han crecido en sitios con enmienda tienen un mayor tamaño que los de sitios 
sin ella. 
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Abstract 
Tree vegetation (pines and eucalyptus) was planted in mine soils located in the depleted 
copper mine in Touro village (Northwest Spain). The growth of these trees were very poor, but 
those who are survived could have improved the condition of the degraded mine soils. In order 
to evaluate the effect produced by trees in Touro mine soils, some vegetated and bare areas were 
selected in both the settling pond and the mine tailing areas. Soil samples were characterized 
and the total and DTPA-extractable content of Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn were 
determined in them. 
Bare soils from both the mine tailing and the settling pond have major limitations for 
plant development. However, vegetated soils have significantly improved these circumstances. 
Some soil properties have significantly increased in vegetated soils: the proportion of clay 
fraction, the CEC and the contents of soil organic carbon, humic acids carbon, the microbial 
biomass and total N content. On the other hand, in vegetated soils increased DTPA extractable 
Al content and the pH were not put up to suitable values for the most of plants. As a result, it 
should be suitable to complement tree vegetation with other type of treatment, as could be 
organic amendments. 
Keywords: metal pollution, mine soil, tree vegetation, limiting factors. 
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1. Introduction 
Metal mining produces large amounts of waste material, which is accumulated as settling 
ponds (fine material after metal extraction) and mine tailings (thick materials). There is a 
settling pond in Touro mine (Northwest Spain), created with flotation materials from the copper 
extraction process. There is also a mine tailing formed with waste materials from the extraction 
of the copper ore. Copper were extracted in Touro mine from 1973 to 1988. Since then until 
nowadays material for road construction is extracted there. 
Fragmented materials are open to the elements, so iron and copper sulphides that are 
within them are oxidized. As a consequence, H
+
 is released to closest surroundings areas and 
produce acid mine drainage, which is very harmful for nature due to the extremely acidity and 
the pollution by heavy metals. The low pH increases the solubility of these metals, which leads 
to major pollution of the surrounding water and soil (McBride, 1994; Lombi et al., 2002; 
Asensio et al., 2008). In order to alleviate these problems in Touro mine, some areas in the 
settling pond and in the mine tailing were vegetated with Pinus pinaster Aiton or Eucalyptus 
globulus Labill. The survival and growth of these trees were significantly lower than in those 
that are in uncontamined soils. Although, those trees that survived created a vegetation cover 
together with natural vegetation. 
Some authors have evaluated characteristics of mine soils (Shetty et al., 1994; Vega et al., 
2004, 2005; Shu et al., 2005; Conesa et al., 2007a; Conesa et al., 2007b), and others how these 
characteristics affect vegetation (Shu et al., 2002; Yang et al., 2003; Lottermoser et al., 2008; 
Roccotiello et al., 2010), but few of them have determined the influence of trees in these soils in 
field conditions. 
The aim of this study was to evaluate the effect of vegetation planted in Touro mine by 
characterising and determining the heavy metal content in soils from the settling pond and the 
mine tailing. 
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2. Material and methods 
2.1. Description of the study area 
Sampling area is located within the depleted Touro mine (NW Spain) (42º52´34”N, 
8º20´40”W). There is a settling pond here, which was created with flotation materials from the 
copper extraction process, and it is now completely emerged and dry. There is a bare area in this 
settling pond because it was not revegetated. This area was taken as the control of the settling 
pond. There is other area that was covered with natural soil from the surroundings (but not 
mixed with the original settling pond soil) and vegetated with P. pinaster Aiton. This treatment 
was done 17 years before the sampling. It was made the same in other area 4 years before the 
sampling. These two areas were selected to compare the effect of tree vegetation over time. 
There is also a huge mine tailing in Touro mine. An unvegetated area was selected therein 
as the control sample. This mine tailing was created with waste materials from the extraction of 
copper ore more than 20 years before the sampling. It was selected other area in the mine 
tailing, which was covered with natural soil from the surroundings (but not mixed with the mine 
tailing soil) and vegetated with E. globulus Labill 17 years before the sampling. This area was 
chosen to see the effect of tree vegetation in the mine tailing soil. 
The five areas mentioned above were sampled on 1
st
 of May 2009. Only the surface 
horizons were sampled because there were just one AC horizons under the C one. Figure 1 
shows the sampled soils, as described below: 
- T1 is a Spolic Technosol located in the copper settling pond. It is unvegetated. AC 
horizon is 40cm deep. 
- T2 is a Spolic Technosol located in the same settling pond as T1 but in an area 
vegetated with P. pinaster Aiton for 17 years. AC horizon is 20cm deep. 
- T3 is a Spolic Technosol located in the same settling pond as T1 but in an area 
vegetated with P. pinaster Aiton for 4 years. AC horizon is 20cm deep. 
- T4 is a Spolic Technosol located in an unvegetated area in the copper mine tailing. AC 
horizon is 20cm deep. 
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- T5 is a Spolic Technosol located in the same mine tailing as T4, but in an area vegetated 
with E. globulus Labill for 17 years. AC horizon is 20cm deep. 
2.2. Soil sampling and analysis 
Five samples of each area were collected with an Eijkelkamp 04.20.SA sampler and 
stored in polyethylene bags. Samples of each area were stored together in the same bag for a 
homogeneous sample. Samples were air dried, passed through a 2-mm sieve and homogenized 
in a vibratory homogeniser for solid samples. 
Samples were analysed for particle size distribution, pH, carbon content (both organic 
and inorganic), microbial biomass carbon (biomass C), effective cation exchange capacity 
(CECe), exchangeable cations, Fe, Al and Mn free oxides, total P and N, and total and available 
contents of Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn. A mineralogical analysis of the fraction < 2μm 
was also performed. 
Soil reaction was determined with a pH electrode in 2:1 water to soil extracts (Guitián 
and Carballas, 1976). Electrical conductivity (EC) was determined according to (Porta, 1986). 
Particle size distribution was carried out using the international procedure (Guitián and 
Carballas, 1976). Mineralogical analysis of the clay fraction was made a Siemens D-5000 
diffractometer (Brindley and Brown, 1980). Soil CEC and exchangeable cations (Ca
2+
, Mg
2+
, K
+
 
and Na
+
) were extracted with 0.1M BaCl2 (Hendershot and Duquette, 1986) and their 
concentrations were determined by ICP-AES (Perkin-Elmer Optima 4300 DV). Exchangeable 
acidity was determined using a 1M KCl (Thomas, 1982). The dithionite-citrate-bicarbonate 
method developed by (Mehra and Jackson, 1960) was used to extract free oxide content. Fe, Al 
and Mn were determined by ICP-AES. 
Total organic carbon (TOC) and inorganic carbon (IC) were determined in the solids 
module of a TOC analyser (TNM-1, Shimadzu). Dissolved organic carbon (DOC) and humic 
and fulvic acid carbon contents (CHA and CFA), were extracted using the method performed by 
(Sanchez-Monedero et al., 1996). Microbial biomass carbon (biomass C) was extracted using 
the fumigation- extraction method described by Vance et al. (Vance et al., 1987a). 
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Figure 1. Selected soils. 
To analyse total P, samples were calcinated at 600ºC and treated with acid before to be 
analysed by ICP-AES. Total N was determined by a LECO CN-200.The available Al, Fe, Mn, 
Cu, Cr, Ni, Pb and Zn content was extracted with DTPA according to (Lindsay and Norvell, 
1978). Total Al, Fe, Mn, Cu, Cr, Ni, Pb and Zn contents were extracted by acid digestion with 
aqua regia in a microwave oven (Milestone ETHOS 1). The elements were analysed by ICP-
AES. 
All the experiments were done in triplicate. The data obtained in the analytical 
determinations were treated statistically using the programme SPSS version 15.0 for Windows. 
An analysis of variance (ANOVA) and homogeneity of variance test were performed. In case of 
homogeneity, a test of least significant difference (LSD) was made as a post hoc test. If there 
was not homogeneity, a T3 Dunett test was performed. Correlated bivariate analyses were also 
made. 
T1 
T2 
T3 
T4 
T5 
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3. Results and discussion 
3.1. General characteristics and nutrients in soil samples 
Soils that were planted have significantly higher proportion of clay than their respective 
originals (T2 and T3 respect to T1; T5 to T4) (Table 1). Vegetation significantly (P < 0.05) 
influences the proportion of silt and clay (r = 0.70 and r = 0.71 respectively). This is probably 
because vegetation increases edaphization. The percentage of stoniness is higher in mine tailing 
than in the settling pond, as the material provided is much thicker in the first case (Tables 2 and 
3). Stoniness is a limiting factor for plant development in all samples except in the untreated 
settling pond soil (T1). 
pH is extremely acidic in all samples (Tables 2 and 3), which is an important limiting 
factor for the development of life. The untreated soil from the mine tailings (T4) has the limiting 
factor c according to several authors (Buol et al., 1975; Barnhisel, 1989; Schoenholtz et al., 
2000; Vega et al., 2005) due to its high acidity. 
Time of the vegetation is significantly (P < 0.01) negatively correlated (r = -0.8, data not 
shown) with EC (Table 1). This could indicate that plants decrease the salinity in the original 
soils. Unvegetated soils (T1 and T4) and which has been vegetated for most time in the settling 
pond (T2) have the limiting factor n due to their excessive Na+ saturation (Tables 2 and 3) (Buol 
et al., 1975; Barnhisel, 1989; Schoenholtz et al., 2000; Vega et al., 2005). This indicates that T2 
had some contribution of Na
+
 that T3 did not receive. T1 has the limiting factor e because of 
very low CECe (Table 2) (Buol et al., 1975; Barnhisel, 1989; Schoenholtz et al., 2000; Vega et 
al., 2005). Exchangeable Al
3+
 is the predominant cation in all soils (Table 1). T2, T3, T4 and T5 
have the limiting factor a (Buol et al., 1975; Barnhisel, 1989; Schoenholtz et al., 2000; Vega et 
al., 2005) due to their high saturation in Al
3+
 (Tables 2 and 3). Those that were vegetated have 
base saturation (V) significantly (P < 0.05) lower than their respective untreated samples (Table 
1), probably due to the uptake of basic cations by plants. All samples have the limiting factor k1 
due to their deficit in K
+
 (Tables 2 and 3) (Buol et al., 1975; Barnhisel, 1989; Schoenholtz et al., 
2000; Vega et al., 2005). 
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Data are the mean of three replicates per soil sample. Values followed by different letters in 
each row differ significantly with P < 0.05. u.l.: undetectable level.  
Table 1. Some physico-chemical characteristics of the mine soils. 
Parameter T1 T2 T3 T4 T5 
EC (ms cm
-1
) 0.55a 0.13b 0.11b 0.56a 0.08b 
Sand (%) 72.54a 60.64d 61.34c 64.22b 50.77e 
Silt (%) 19.72e 22.13b 21.92c 21.28d 30.37a 
Clay (%) 7.74e 17.23b 17.09c 14.50d 18.86a 
Texture Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam 
H
+
 (cmol kg
-1
) 0.53c 0.55c 0.73b 1.02a 0.45d 
Ca
2+
 (cmol kg
-1
) 0.31b 0.44a 0.21c 0.29b 0.36b 
Na
+
 (cmol kg
-1
) 0.40a 0.18c 0.03e 0.33b 0.07d 
Mg
2+
 (cmol kg
-1
) 0.75a 0.35c 0.07e 0.63b 0.14d 
K
+
 (cmol kg
-1
) 0.03c 0.20a 0.13b 0.04c 0.12b 
Al
3+
 (cmol kg
-1
) 2.22e 21.92b 12.74c 5.82d 57.94a 
CECe (cmol(+)kg
-1
) 3.71e 23.09b 13.18c 7.12d 58.63a 
V (% saturation of bases) 35.26a 4.94c 3.17c 15.92b 1.17d 
% saturation of Al
3+
 52.22d 92.74b 91.57b 71.51c 98.07a 
% saturation of Na
+
 26.60a 15.63b 7.92d 25.82a 10.80c 
K
+/∑bases 2.16c 17.28b 30.16a 2.82c 17.43b 
Ca
2+
/Mg
2+
 0.42d 1.27c 3.14a 0.46d 2.52b 
Al free oxides (mg kg
-1
) 408e 5086b 2916c 1595d 16483a 
Fe free oxides (mg kg
-1
) 11443a 7891b 12229a 10865a 9786a 
Mn free oxides (mg kg
-1
) 11.80e 896a 231c 106d 615b 
CFA (g kg
-1
) u.l. 8.02b 1.30c u.l. 13.55a 
CHA (g kg
-1
) u.l. 21.03b 1.16c u.l. 37.20a 
DOC (g kg
-1
) u.l. u.l. u.l. u.l. u.l. 
TC (g kg
-1
) 4.30c 52.52b 4.77c 4.28c 107.57a 
IC (g kg
-1
) 4.30b 2.04c 1.99c 4.28b 8.24a 
TOC (g kg
-1
) u.l. 50.48b 2.78c u.l. 99.33a 
Microbial biomass C (g kg
-1
) u.l. 0.16a 0.08a u.l. 0.17a 
Total N (%) 0.04e 0.44b 0.13c 0.05d 0.68a 
Total P (mg kg
-1
) 49.6e 326a 167c 175b 144d 
C/N 10.72b 11.93b 3.97d 8.54c 15.82a 
Tree vegetation to improve physico-chemical properties in bare mine soils  
58 
T
a
b
le
 2
. 
L
im
it
in
g
 f
ac
to
rs
 f
o
r 
fo
re
st
 p
ro
d
u
ct
io
n
 i
n
 T
1
, 
T
2
 a
n
d
 T
3
 s
o
il
s 
(f
ro
m
 t
h
e 
se
tt
li
n
g
 p
o
n
d
).
 
T
3
 
V
a
lu
e 
4
6
.7
7
b
 
3
.5
7
d
 
0
.1
3
c 
1
3
.1
8
c 
9
1
.5
7
b
 
9
1
.5
7
b
 
7
.9
2
d
 
0
.1
3
b
 
3
0
.1
6
a 
0
.0
7
e 
3
.1
4
a 
0
.2
1
c 
3
.1
4
a 
5
8
2
b
 
5
1
.0
0
a 
M
ea
n
 v
al
u
e
s:
 t
h
re
e 
re
p
li
ca
te
s 
o
f 
ea
ch
 s
o
il
. 
V
al
u
e
s 
fo
ll
o
w
ed
 b
y
 d
if
fe
re
n
t 
le
tt
er
s 
in
 e
ac
h
 r
o
w
 d
if
fe
r 
si
g
n
if
ic
an
tl
y
 w
it
h
 P
 <
 0
.0
5
. 
L
. 
L
im
it
in
g
. 
N
.L
.:
 
N
o
t 
li
m
it
in
g
. 
 
L
im
it
a
ti
o
n
 
S
tr
o
n
g
 
E
x
tr
em
el
y
 
ac
id
 
N
.L
. 
N
.L
. 
L
. 
N
.L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
L
. 
T
2
 
V
a
lu
e 
2
2
.7
5
d
 
3
.9
1
a 
0
.4
4
b
 
2
3
.0
9
b
 
9
2
.7
4
b
 
9
2
.7
4
b
 
1
5
.6
3
b
 
0
.2
0
a 
1
7
.2
8
b
 
0
.3
5
c 
1
.2
7
c 
0
.4
4
a 
1
.2
7
c 
1
2
6
d
 
1
6
.2
1
c 
L
im
it
a
ti
o
n
 
M
o
d
er
at
e
 
E
x
tr
em
el
y
 
ac
id
 
N
.L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
T
1
 
V
a
lu
e 
1
.1
6
e 
2
.9
0
c 
0
.0
4
e 
3
.7
1
e 
5
2
.2
2
d
 
5
2
.2
2
d
 
2
6
.6
0
a 
0
.0
3
c 
2
.1
6
c 
0
.7
5
a 
0
.4
2
d
 
0
.3
1
b
 
0
.4
2
d
 
2
6
3
c 
2
8
.0
9
b
 
L
im
it
a
ti
o
n
 
N
.L
. 
E
x
tr
em
el
y
 
 a
ci
d
 
L
. 
S
tr
o
n
g
 
N
.L
. 
L
. 
L
. 
L
. 
N
.L
. 
N
.L
. 
N
.L
. 
L
. 
L
. 
L
. 
N
.L
. 
L
im
it
a
ti
o
n
 
S
tr
o
n
g
: 
>
3
5
%
. 
M
o
d
er
at
e:
 1
5
-3
5
%
 
E
x
tr
em
el
y
 a
ci
d
: 
3
.5
-4
.4
 
T
o
ta
l 
N
 c
o
n
te
n
t 
<
 0
.1
 
S
tr
o
n
g
: 
C
E
C
e<
4
 c
m
o
l (
+
)k
g
-1
 
M
o
d
er
at
e:
 4
-7
 c
m
o
l (
+
)k
g
-1
 
%
 s
at
u
ra
ti
o
n
 o
f 
A
l 
in
 C
E
C
 >
6
0
%
 
%
 s
at
u
ra
ti
o
n
 o
f 
A
l 
in
 C
E
C
: 
m
o
d
er
at
e 
1
0
-2
0
%
, 
st
ro
n
g
 2
0
-6
0
%
 
%
 s
at
u
ra
ti
o
n
 o
f 
N
a+
 >
 1
5
%
 
<
 1
.5
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
K
+
/∑
b
as
es
 <
 2
%
 
<
 0
.4
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
C
a2
+
/M
g
2
+
  
>
 5
0
 
<
 1
.5
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
C
a2
+
/M
g
2
+
 <
 0
.5
 
H
ig
h
 l
ev
el
s 
o
f 
to
ta
l 
C
u
 
H
ig
h
 l
ev
el
s 
o
f 
av
ai
la
b
le
 C
u
 
L
im
it
in
g
 f
a
ct
o
rs
 
S
to
n
in
es
s 
 
(%
 b
y
 v
o
lu
m
e)
 
p
H
 H
2
O
 
N
 
e a h
 
n
 
k
1
 
k
2
 
M
g
1
 
M
g
2
 
C
a
 
C
a 2
 
C
u
1
 
C
u
2
 
 
Tree vegetation to improve physico-chemical properties in bare mine soils  
59 
T
a
b
le
 3
. 
L
im
it
in
g
 f
ac
to
rs
 f
o
r 
fo
re
st
 p
ro
d
u
ct
io
n
 i
n
 T
4
 a
n
d
 T
5
 s
o
il
s 
(f
ro
m
 t
h
e 
m
in
e 
ta
il
in
g
).
 
T
5
 
V
al
u
e 
3
9
.8
2
c 
4
.3
0
a 
0
.6
8
a 
5
8
.6
3
a 
9
8
.0
7
a 
9
8
.0
7
a 
1
0
.8
0
c 
0
.1
2
b
 
1
7
.4
3
b
 
0
.1
4
d
 
2
.5
2
b
 
0
.3
6
b
 
2
.5
2
b
 
6
5
9
b
 
2
9
.1
4
b
 
M
ea
n
 v
al
u
es
: 
th
re
e 
re
p
li
ca
te
s 
o
f 
ea
ch
 s
o
il
. 
V
al
u
es
 f
o
ll
o
w
ed
 b
y
 d
if
fe
re
n
t 
le
tt
er
s 
in
 e
ac
h
 r
o
w
 d
if
fe
r 
si
g
n
if
ic
an
tl
y
 w
it
h
 P
 <
 0
.0
5
. 
L
. 
L
im
it
in
g
. 
N
.L
.:
 N
o
t 
li
m
it
in
g
. 
L
im
it
at
io
n
 
S
tr
o
n
g
 
E
x
tr
em
el
y
 a
ci
d
 
N
.L
. 
N
.L
. 
L
. 
N
.L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
N
.L
. 
T
4
 
V
al
u
e 
6
1
.1
8
a 
2
.7
1
b
 
0
.0
5
d
 
7
.1
2
d
 
7
1
.5
1
c 
7
1
.5
1
c 
2
5
.8
2
a 
0
.0
4
c 
2
.8
2
c 
0
.6
3
b
 
0
.4
6
d
 
0
.2
9
b
 
0
.4
6
d
 
7
4
0
a 
1
7
.3
7
c 
L
im
it
at
io
n
 
S
tr
o
n
g
 
E
x
tr
em
el
y
 a
ci
d
 
L
. 
N
.L
. 
L
. 
N
.L
. 
L
. 
L
. 
N
.L
. 
N
.L
. 
N
.L
. 
L
. 
L
. 
L
. 
N
.L
. 
L
im
it
a
ti
o
n
 
S
tr
o
n
g
: 
>
3
5
%
. 
M
o
d
er
at
e:
 1
5
-3
5
%
 
E
x
tr
em
el
y
 a
ci
d
: 
3
.5
-4
.4
 
T
o
ta
l 
N
 c
o
n
te
n
t 
<
 0
.1
 
S
tr
o
n
g
: 
C
E
C
e<
4
 c
m
o
l (
+
)k
g
-1
 
M
o
d
er
at
e:
 4
-7
 c
m
o
l (
+
)k
g
-1
 
%
 s
at
u
ra
ti
o
n
 o
f 
A
l 
in
 C
E
C
 >
6
0
%
 
%
 s
at
u
ra
ti
o
n
 o
f 
A
l 
in
 C
E
C
: 
m
o
d
er
at
e 
1
0
-2
0
%
, 
st
ro
n
g
 2
0
-6
0
%
 
%
 s
at
u
ra
ti
o
n
 o
f 
N
a+
 >
 1
5
%
 
<
 1
.5
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
K
+
/∑
b
as
es
 <
 2
%
 
<
 0
.4
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
C
a2
+
/M
g
2
+
  
>
 5
0
 
<
 1
.5
 c
m
o
l (
+
)k
g
-1
 i
n
 C
E
C
 
C
a2
+
/M
g
2
+
 <
 0
.5
 
H
ig
h
 l
ev
el
s 
o
f 
to
ta
l 
C
u
 
H
ig
h
 l
ev
el
s 
o
f 
av
ai
la
b
le
 C
u
 
L
im
it
in
g
 f
a
ct
o
rs
 
S
to
n
in
es
s 
 (
%
 b
y
 v
o
lu
m
e)
 
p
H
 H
2
O
 
N
 
e a h
 
n
 
k
1
 
k
2
 
M
g
1
 
M
g
2
 
C
a 
C
a 2
 
C
u
1
 
C
u
2
 
  
Tree vegetation to improve physico-chemical properties in bare mine soils  
60 
Only vegetated soils have the limiting factor Mg1 due to their deficit in Mg
2+
 for plant 
development (Tables 2 and 3) (Buol et al., 1975; Barnhisel, 1989; Schoenholtz et al., 2000; 
Vega et al., 2005). This may be due to the absorption of this cation by plants. All soils have the 
limiting factor Ca due to their insufficient Ca2+ content (Tables 2 and 3). The species planted 
(eucalyptus and pines) have a propensity to exhaust soil nutrients (Brañas et al., 2000; 
Ehrenfeld, 2003). 
Total P content in settling pond samples is higher in vegetated soils than in the untreated 
one (Table 1). The soil with the oldest vegetation in the settling pond is highlight because it has 
the highest value of total P, maybe because of its high microbial biomass C (Table 1). 
Microorganisms can immobilize between 20% and 50% of the organic phosphorus of surface 
soils (Srivastava and Singh, 1988; Walbridge et al., 1991). The bare mine tailing soil (T4) has 
significantly (P < 0.05) more total P than the vegetated mine tailing area (T5) (Table 1). They 
have been made some experiments close to T4 some years before the sampling of this work. 
NPK commercial fertilizer (15% of each element) was added close to the sampled area (300 
kg/ha and 100 kg/ha) in experimental plots located close to the sampled area (Instituto de 
Investigaciones Tecnológicas, 2008). Nevertheless the influence of this fertilizer in T4 soil 
cannot be probed. 
Total N contents increases in the soils with trees (Table 1). Moreover, N is a limiting 
factor for forest production in samples without vegetation (Tables 2 and 3). This is because 
plants and microbial activity help to fix N in soils. Bivariate correlation analysis shows 
significantly (P < 0.01) positive correlation between microbial biomass C and total N content (r 
= 0.9). 
3.2. Soil carbon contents 
T1, T3 and T4 are the soils with the lowest total content of C (Table 1). T1 and T4 were 
not vegetated nor amended, so it is normal because carbon input in them is very low. T3 was 
recently vegetated and because of this there had not enough time to plants contribution with a 
significantly amount of organic material. 
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C/N is very low in bare soils and which is vegetated for less time (Table 1). The soil 
vegetated for more time has C/N in a normal range, between 20 and 30 (Stevenson and Cole, 
1999a). This could indicates that their organic matter has very high quality, because this should 
be quite decomposed, as it is indicates by the positive correlation between C/N and CFA and CHA 
(r = 0.7 and r = 0.8 respectively, P < 0.01). The soils with lower content of inorganic C are T2 
and T3 (Table 1). This could indicate loss of soluble carbonates through the soil, which 
probably migrated in solution through the unconsolidated materials that form the C horizon 
(Pierzynski et al., 2005b; Troeh and Thompson, 2005a). Sampling area support a large amount 
of rainfall (mean annual rainfall = 1886 mm) which can produce leaching of soluble elements. 
T1 and T4 have all of their carbon content as inorganic (Table 1), because as they have no 
vegetation, they do not receive any contribution of the organic one. The soils with the oldest 
vegetation (T2 and T5) have the highest concentrations of TOC, probably due to the 
contributions of vegetation (Table 1). This was confirmed by positive correlation between the 
time of vegetation and the organic C content (r = 0.9, P < 0.01). These two soils are also which 
contain the highest proportion of organic C with respect to the total carbon content (96% and 
92% respectively). 
Both T2 and T5 have the highest contents of CFA and CHA (Table 1). These are the soils 
with the oldest vegetation, so this could mean that sufficient time has passed for the 
humification of the organic material. This was confirmed by a positive correlation between CHA 
and CFA content and the time of vegetation (r = -0.85 and r = -0.86 respectively, P < 0.01). DOC 
concentrations were undetectable in all soil samples (Table 1). This may be due to the leaching 
of the organic C. Several authors have demonstrated that DOC concentration increases with 
depth in soils (Vance and David, 1991; Camobreco et al., 1996; Antoniadis and Alloway, 2002). 
3.3. Microbial biomass carbon 
Biomass C was only detected in vegetated soils (Table 1). T2 and T4 (with the oldest 
vegetation) have the highest concentrations probably because plants favour growth and activity 
of microorganisms. This result support the previous statement regarding CFA and CHA contents 
in these soils, as much of the humification of the organic material is performed by 
microorganisms. According to the bivariate correlation analysis carried out, time of vegetation 
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is positively correlated with microbial biomass C (r = 0.9, P < 0.01). Clay and TOC contents 
(components whose concentration increases with the time of vegetation) are positively 
correlated with biomass C (P < 0.01; r = 0.77 and r = 0.86, respectively). This was observed by 
other authors as well (Chander and Brookes, 1993; Barajas Aceves et al., 1999). 
3.4. Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn contents 
Vegetated soils have the highest in both total Al concentration (Figure 2A) and in DTPA-
extractable form (Figure 3A). In fact, the time of vegetation is positively correlated with DTPA-
extractable Al contents (r = 0.9, P < 0.01). This could be due to root exudates and development, 
which contribute to the weathering of the soil and, consequently, to release Al. Carbon from 
both humic and fulvic acids is positively correlated with DTPA-extractable Al content (r = 0.9 
and r = 0.99 respectively, P < 0.01). This coincides with (Li et al., 2006), who indicated that 
organic acids with low molecular weight are responsible for the mobilization of Al in soils of 
variable loads. All samples are polluted by chrome (Figure 2B), according to the threshold 
values for Galician soils in ecosystems, which is 80 mg kg
-1
 (Macías and Calvo de Anta, 2009). 
DTPA-extractable Cr extractable was not detected in any sample, meaning that this metal is not 
available for plants, in spite of its high total concentrations. All samples are also polluted by Cu 
(Figure 2C) because their concentrations are above 50 mg kg
-1
 (Macías and Calvo de Anta, 
2009). The origin of both Cr and Cu is probably the parent material. Due to their high total Cu 
contents, all samples have the limiting factor Cu1 (Tables 2 and 3) (Buol et al., 1975; Barnhisel, 
1989; Schoenholtz et al., 2000; Vega et al., 2005). All samples have high total contents of Fe 
and Mn (Figure 2D and 2E), probably because the parent material has iron sulphides and Mn 
compounds. Unvegetated soils have the highest percentage of Ni in DTPA-extractable form 
with respect to the total Ni content (Figure 2F and 3D). The others samples have less than 1.6% 
of the total Ni in DTPA-extractable form. Taking this into account, the amounts of this metal 
that could be absorbed by plants would not be toxic in these samples, because threshold values 
are 75 mg kg
-1
 for Galician soils in ecosystems (Macías and Calvo de Anta, 2009) and 70 mg 
kg
-1
 according to the ICRCL. Total Pb contents do not exceed the threshold limit for Galician 
soils (Macías and Calvo de Anta, 2009) in any sample, which is 80 mg kg
-1
 for ecosystems. The 
time of vegetation is positively correlated with total Zn (r = 0.7, P < 0.01). This is because those 
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that have been vegetated for more time have higher percentage of clay fraction as the other 
samples, and Zn can be retained by clay fraction (Kabata-Pendias, 2001). Both organic and 
inorganic C contents are positively correlated with total Zn (r = 0.9, P < 0.01 and r = 0.63, P < 
0.05; respectively). This may be due to the affinity of the organic matter to fix this metal in 
soils. 
 
Figure 2. Total metal contents (mg kg
-1
) (mean values: three replicates of each soil). u.l.: 
undetectable level. For each element, bars with a different letter are statistically different using 
the ANOVA test (P < 0.05). 
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Figure 3. DTPA-extractable metal content (mg kg
-1
) (mean values: three replicates of each soil). 
u.l.: undetectable level. For each element, bars with a different letter are statistically different 
using the ANOVA test (P < 0.05). 
4. Conclusions 
Settling pond and mine tailing soils have major limitations for plant development: high 
stoniness, extremely acidic pH, very low CEC, excessive Na
+
 and Al
3+
, deficits in Ca
2+
, K
+ 
and 
Mg
2+
, undetectable both organic C and microbial biomass C, high total concentrations of Fe and 
Mn, and pollution by Cr and Cu. The vegetation planted at the Touro mine improved only 
partially the condition of these soils, by increasing the proportion of clay fraction, CEC, soil 
organic C, humic C, microbial biomass and total N content. On the other hand, it has two 
negative effects on the soil: it increases DTPA-extractable Al and total Zn content, and does not 
increase the soil pH to suitable levels for the most of plant species. Because of this, it should be 
suitable to complement the vegetation with another type of treatment as, for example, an organic 
amendment. 
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Abstract 
Mine tailing soils created from the copper extraction in Touro Mine (Northwest Spain) 
are very degraded both physically and chemically. Three plots in this mine tailing were 
amended with Technosols in different proportions in each one to know if this mixture improved 
the physico-chemical characteristics of the mine soil and contaminated it with heavy metals. 
The Technosols were made of organic wastes, including mussel residues, wood fragments, 
sewage sludges and paper mill ashes. An unamended area was used as a control soil. 
Pseudototal and diethylenetriaminepentaacetic acid (DTPA)-extractable contents of Al, Cr, Cu, 
Fe, Mn, Ni, Pb and Zn were determined in soil samples. The untreated soil had significant 
limitations for vegetation growth. All the Technosols improved the properties of the mine soil 
by increasing organic carbon and pH value, but they added Ni, Pb or Zn to the soil. It is 
advisable to check whether the heavy metal concentrations of the wastes are hazardous or not 
before adding to soils. It is also necessary to study the effect of these wastes over time and in 
more areas to conclude if they are actually favourable to restore degraded mine soils. 
Key Words: heavy metals, mine tailing, vegetation growth, waste amendment. 
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1. Introduction 
Mine soils are very young soils developed on unstable materials and characterized by 
instability and scarce cohesion. These soils have low contents of nutrients and organic matter, 
and their texture and structure are unfavourable for plant development. Elevated levels of trace 
elements and the acidic drainage due to the oxidation of sulphide are also frequently common 
characteristics of the most metal mine tailings. These soils have limiting factors for plant 
growth, such as high acidity and aluminium (Al) saturation, and low effective cation exchange 
capacity (CECe) and organic carbon, Ca
2+
 and Mg
2+
 contents (Akala and Lal, 2001; Vega et al., 
2005; Asensio et al., 2011). They are also exposed to erosion because they are not covered by 
vegetation, which leads to even greater degradation . This 
situation means that it is necessary to improve soil properties as an essential and preliminary 
stage (Instituto Geológico y Minero de España, 2004). Mine soils are classified as Technosols 
according to (FAO, 2006a). 
Experiments on the use of amendments made from waste to reduce the associated 
problems of mine soils have been carried out in recent years. These types of amendments can 
also be classified as Technosols (FAO, 2006a) because they cover the original mine soil and 
they constitute a new layer of soil. The effects on soil properties of different organic 
amendments have been largely studied in recent decades but they were not identified as 
Technosols, although the most of them would be considered as such today. The most commonly 
used residues to amend soils have been sewage sludges (Nyamangara, 1998; Battaglia et al., 
2003, 2007; Calace et al., 2003; Walter et al., 2006; Egiarte et al., 2008; Wang et al., 2008), 
paper mill wastes (Brown et al., 2003; Calace et al., 2005) and green waste compost (Sellers et 
al., 2001; Clemente et al., 2010). The effectiveness of these residues as amendments has been 
questioned because some of them contain heavy metals that aggravate the condition of degraded 
soils, especially sewage sludges (Hooda and Alloway, 1994; Nyamangara, 1998; Singh and 
Agrawal, 2008). 
Shells from marine animals are a type of residue that can also be used to reclaim soils. 
Some authors have experimented with crab shells (Kim et al., 1997; Zhou and Everts, 2004; 
Benchimol et al., 2006; Escuadra and Amemiya, 2008) or sea snails (Ijah and Ndana, 2003). All 
of them obtained favorable results. One experiment was carried out with shells and residues of 
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mussels (Instituto de Investigaciones Tecnológicas, 2008) in the same place where the soils of 
this study came from (Touro Mine, Northwest Spain). The added amendments (Technosols 
according to the FAO, 2006) were placed over these soils. Nevertheless, their effects on the 
mine soils were not completely studied neither well understood. 
The aims of this work were to evaluate: i) if wood fragments, mussel residues, sewage 
sludges and paper mill ashes as amendments were able to improve the physico-chemical 
characteristics of a degraded mine soil, ii) the main soil characteristics that the added 
amendments improved in the mine soil, iii) if the wastes added hazardous heavy metals to soil, 
and iv) which was the best of these amendments to improve the properties of mine soil. 
2. Materials and Methods 
2.1. Study area 
Sampling area was located in the mine tailing from a depleted copper (Cu) mine located 
at Touro (8º 20’ 12.06’’ W, 42º 52’ 46.18’’ N) (Figure 1). This mine is now dedicated to the 
extraction of material for road construction. The climate of the experimental site is Atlantic 
(oceanic). The mean annual rainfall is around 1886 mm (157 mm per month). The mean annual 
temperature is 12.6ºC and relative humidity is 79% (AEMET, 2013). 
The copper mine tailing in Touro was created with the material remaining after the 
extraction of copper ore. One area in this mine tailing was covered with three different 
Technosols made of wastes. To evaluate the effects of these added Technosols, the three treated 
areas (T2, T3, and T4) were selected to be analyzed, together with an area without treatment 
(T1) as a control. These amendments were added by Norwest Ecological Treatments Company 
on January 2007 (22 months before the sampling date). The waste amendments were placed by 
trucks and they were spread in a thickness of 5 cm above the mine soil, not mixed with it. Some 
relevant characteristics of the added wastes are reported in Table 1. 
The control area (without any treatment, T1) is classified as Spolic Technosol (FAO, 
2006a) and it had no vegetation. The control area was 1.20 ha in size. The areas amended with 
wastes were 265 m
2
 in size: 5 m wide and 53 m long. 
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The amended area T2 is a Spolic Technosol (FAO, 2006a) located in the same mine 
tailing as the control (T1) but in an area amended with a mixture of biodeposits of mussels 
(70%) and eucalyptus wood fragments (30%). Biodeposits were collected below mussel rafts in 
the estuary of Arousa (coast of Galicia, Spain). More information about these residues was 
reported in Otero et al., (2006). T2 soil had natural vegetation consisting of conyza (Erigeron 
canadensis L.) and alfalfa (Medicago sativa L.), and it also had European black nightshade 
(Solanum nigra L.) planted in a former experiment (Instituto de Investigaciones Tecnológicas, 
2008). 
Table 1. pH, carbon, total organic carbon (TOC) and total contents of some metals in the added wastes. 
Type of waste pH (H2O) 
Carbon TOC Cr Cu Ni Pb Zn 
—— g kg-1 —— ———————— mg kg-1 ————————— 
Biodeposits of 
mussels
a)
 
8.0-8.7 - 24-34 129-153 19-32 559-658 57-70 114-175 
From cleaning 
mussel rafts
b)
 
6.3-6.7 152-275 - 7-10 12-31 20-25 93-46 75-155 
Sewage sludge
c)
 10.5 - 156 61 273 43 115 330 
Paper mill 
ashes
c)
 
8.6 - 188 56 111 27 454 873 
a)
Data from Otero et al. (2005, 2006). 
b)
Data from Instituto de Investigaciones Tecnológicas (2008). 
c)
Data from Camps Arbestain et al. (2008). 
The amended area T3 was a Garbic Technosol (FAO, 2006a) located in the same place as 
T1 but in an area amended with a Technosol made of 50% residues from cleaning mussel rafts 
and 50% of sewage sludges and ashes from a paper mill. These mussel residues were obtained 
when the ropes from the mussel rafts were split up into thinner ropes, and they contained 
basically mussel shell. T3 soil had rapes (Brassica napus L.) that have been planted for a former 
experiment (Instituto de Investigaciones Tecnológicas, 2008). 
The amended area T3 was a Garbic Technosol (FAO, 2006a) located in the same place as 
T1 but in an area amended with a Technosol made of 50% residues from cleaning mussel rafts 
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and 50% of sewage sludges and ashes from a paper mill. These mussel residues were obtained 
when the ropes from the mussel rafts were split up into thinner ropes, and they contained 
basically mussel shell. T3 soil had rapes (Brassica napus L.) that have been planted for a former 
experiment (Instituto de Investigaciones Tecnológicas, 2008). 
 
Figure 1. Location of sampling areas (T1, T2, T3 and T4) in Touro Mine, Northwest Spain. 
The amended area T4 was also a Garbic Technosol (FAO, 2006a) located in the same 
place as T1 but in an area amended with residues from cleaning mussel rafts, as in T3. This area 
had conyza in the sampling date. 
2.2. Soil sampling and analyses 
Soil samples were collected on October 1, 2008. Five subsamples per sampling area were 
randomly collected to a depth of 10 cm with an Eijkelkamp sampler and stored in polyethylene 
bags. Soil samples were air dried in the laboratory, passed through a 2-mm sieve and 
homogenized in a vibratory homogeniser for solid samples. The litter layer of the species was 
removed to take the samples when necessary. Sampling area was 336 m above sea level. The 
soil profiles of the four samples can be observed in Figure 2. 
Soil pH was determined with a pH electrode in 1:2.5 distilled water (or 1 mol L
−1
 KCl) to 
soil extracts (Guitián and Carballas, 1976). Electrical conductivity (EC) was also determined 
according to (Porta, 1986). The particle size distribution was carried out following the pipette 
method described by Kroetsch and Wang (2008). 
Soil CEC and exchangeable cations (Ca
2+
, Mg
2+
, K
+
 and Na
+
) were determined by 
inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Optima 4300 DV, 
Perkin-Elmer, Germany) after extraction with 0.1 mol L
−1
 BaCl2 (Hendershot and Duquette, 
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1986). Exchangeable acidity was determined using 1 mol L
−1
 KCl (Thomas, 1982). The method 
developed by (Mehra and Jackson, 1960) was used to determine free oxide content. The 
contents of Fe, Al and Mn were determined in the supernatant by ICP-AES. Total organic 
carbon (TOC) and inorganic carbon (IC) were determined in a module for solid analysis (SSM-
5000, Shimadzu, Japan) coupled with a TOC analyser (TNM-1, Shimadzu, Japan). Dissolved 
organic carbon (DOC) and the carbon contents of humic and fulvic acids (CHA and CFA) were 
also determined (Sanchez-Monedero et al., 1996). Microbial biomass carbon (biomass C) was 
extracted using the fumigation-extraction method (Vance et al., 1987a). 
 
Figure 2. Profiles of soil samples in sampling areas T1, T2, T3 and T4. 
The available contents of Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn were extracted with 
diethylenetriaminepentaacetic acid (DTPA) (Lindsay and Norvell, 1978). Pseudototal metal 
contents were determined after acid digestion with aqua regia in a microwave oven (Milestone 
ETHOS 1). The concentrations of Al, Cu, Cr, Fe, Mn, Ni, Pb and Zn were determined by ICP-
AES. 
For some of the analyzed parameters were assigned critical values, according to a method 
(Buol et al., 1975) adapted for Galician soils (Macias and Calvo de Anta, 1983), and some soil 
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quality indicators (Barnhisel, 1989; Schoenholtz et al., 2000). The intrinsic limiting factors of 
the soils can be deduced after using these criteria. 
2.3. Statistical analyses 
All of the treatments were performed in triplicate. Empirical data were treated statistically 
using the program SPSS version 15.0 for Windows. Analysis of variance (ANOVA) and test of 
homogeneity of variance were carried out. In case of homogeneity, a post-hoc least significant 
difference (LSD) test was carried out. If there was no homogeneity, Dunnett’s T3 test was 
performed. Correlated bivariate analysis was also carried out. 
3. Results and Discussion 
3.1. General characteristics of soils 
The extremely acidic pH of the control T1 (Table 2) is an important limiting factor for 
forestry production (USDA, 1998) (Table 2). The pH in areas T3 and T4 have increased, even 
reaching alkaline values, compared to area T1 (Table 2). According to the performed ANOVA, 
the amendments significantly influence (P < 0.05) soil pHH2O. 
The residues used as amendments did not increase soil salinity (Table 2). This could be 
due to the increase of basic cations from the added wastes. The Technosols applied significantly 
increased (P < 0.05) the percentage of exchangeable bases (V). The high percentage of Al
3+
 
(limiting factors a and h) in T1 makes this soil highly alic (Buol et al., 1975; Macias and Calvo 
de Anta, 1983; Barnhisel, 1989; Schoenholtz et al., 2000) (Tables 2 and 3). Al
3+
 was not 
detected in T3 and T4 probably because of the amendments. Technosols applied significantly 
influenced (P <0.05) the CECe. The values in amended soils also increased compared to the 
unamended one (Table 2). 
T1 had the limiting factor Ca (Table 3) due to its low Ca
2+
 content (López Ritas and 
López Melida, 1985). All of the amended soils had higher Ca
2+
 concentrations than T1 (Table 
2). This is probably due to the contribution of calcium from the mussel shells (basically made of 
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CaCO3) (Watabe, 1981), which were part of all the applied Technosols. In fact, the amendments 
added significantly affected (P <0.05) soil Ca
2+
 contents. 
Table 2. Physicochemical characteristics of the mine soils in the sampling areas T1, T2, T3 and 
T4. 
Soil characteristic
a)
 T1 T2 T3 T4 
pHH2O 2.71d
b)
 4.95c 7.28b 7.82a 
pHKCl 2.53d 4.46c 7.15b 7.50a 
EC (ms cm
-1
) 0.56a 0.26b 0.52a 0.32b 
Texture Sandy loam Sandy loam Sandy loam Sandy loam 
H
+
 (cmol kg
-1
) 1.02a n.d.
c)
 n.d. 0.01b 
Ca
2+
 (cmol kg
-1
) 0.29c 25.01b 36.41a 26.33b 
Na
+
 (cmol kg
-1
) 0.33d 3.35a 1.90b 1.66c 
Mg
2+
 (cmol kg
-1
) 0.63d 6.33a 3.60b 3.14c 
K
+
 (cmol kg
-1
) 0.04c 2.68a 1.43b 1.80b 
Al
3+
 (cmol kg
-1
) 5.82b 41.05a n.d. n.d. 
CECe (cmol kg
-1
) 7.12d 78.43a 43.35b 32.92c 
V (%) 15.92c 47.74b 100a 99.98a 
Saturation of Al (%) 71.51a 52.26b n.d. n.d. 
Saturation of Na
+
 (%) 25.82a 8.96b 4.39d 5.03c 
K
+/∑bases 2.83c 7.19a 3.31b 5.48a 
Ca
2+
/Mg
2+
 0.46d 3.95c 10.11a 8.40b 
Al oxides (mg kg
-1
) 1 595c 11 719a 3 962b 3 682b 
Fe oxides (mg kg
-1
) 10 865b 13 482a 7 039c 6 227c 
Mn oxides (mg kg
-1
) 106c 661a 222bc 288b 
CFA (g kg
-1
) n.d. 16.98a 5.71b 3.81c 
CHA (g kg
-1
) n.d. 37.54a 4.27b 2.16c 
DOC (g kg
-1
) n.d. 3.89a 0.04b 0.04b 
TC (g kg
-1
) 4.28c 133a 112b 128a 
IC (g kg
-1
) 4.28c 13.50b 12.32b 49.17a 
TOC (g kg
-1
) n.d. 119.50a 99.86b 79.19b 
Biomass C (g kg
-1
) n.d. 0.34a 0.18b 0.13c 
a)
 EC = electrical conductivity; CECe = effective cation exchange capacity; V = percentage of 
exchange bases; CFA = carbon of fulvic acids; CHA = carbon of humic acids; DOC = dissolved 
organic carbon; TC = total carbon; IC = inorganic carbon; TOC = total organic carbon; biomass 
C = microbial biomass carbon. 
b)
 Means followed by the same letter(s) within each row are not significantly different at P<0.05 
(n = 3). 
c)
 Not detectable. 
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T1 and T3 soils had the limiting factor k1 due to their deficit in K
+
 for forestry production 
(Table 3). Although the concentration of K in T3 was not significantly different to that in T4, T4 
soil did not have this limitation (Table 3). In any case, the amended soils significantly increased 
(P < 0.05) K concentration in the mine soil (Table 3.5). Wilbur and Saleuddin (1983) indicated 
that one of the main inorganic components of the extrapallial fluid of mussels was K
+
, which 
could be provided to the soils by the Technosols made of wastes. 
T1 soil had the lowest quantity of free manganese oxides (Table 2). The amended soils 
contained higher concentrations of these oxides than the control. Even Mn oxides commonly 
come from the parent material, the added wastes may also contribute to the increase in their 
content, specially the mussel biodeposits and also the sludges (Calvo de Anta et al., 1999; 
Calace et al., 2005; N’Dayegamiye, 2006). The same occurred with the contents of free Al 
oxides (Table 2). 
The amendments can also cause alteration of the base material, increasing the 
concentrations of these oxides in the amended soils. The contents of free Fe oxides were high in 
all soils (Table 2), showing that they come from the parent material amphibolite, which is very 
rich in iron sulphides (Vega et al., 2005). Nevertheless, the contents of free Fe oxides in T3 and 
T4 were significantly lower than those in T1 and T2 (Table 2). This is probably due to the lower 
intensity of oxidation and acidification processes caused by the application of Technosols. 
3.2. Carbon contents 
Total carbon concentrations (TC) were much higher in the amended soils than those in 
the unamended one (Table 2) as it was expected, because the used residues had high content of 
C (Table 1). 
T4 had the highest content of inorganic C (IC) and the highest proportion of this carbon 
with respect to the total, 38.3% (Table 2). IC probably comes from the carbonates that are in the 
amendments (mussels). T1 had the lowest IC, despite representing 100% of its total carbon 
content (Table 2). 
Organic C was not detected in the control T1 (Table 2), because all organic C present in 
the studied soils came from the amendments (Table 1). T2 had the highest TOC concentration 
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(Table 2) and it occupied 89.5% of its TC content. This carbon came from the mussel 
biodeposits (Table 1). Sludges and ashes can also increase organic C contents because T3 
contained more and higher proportion of TOC than T4. The difference between these two soils 
was that T3 was amended with mussel residue, sludge and ashes, and T4 was only amended 
with mussel residue. 
T4 soil had the highest contents of CFA and CHA (Table 2). The concentration of humic 
substances was higher than that of fulvic ones in this soil. T2 and T3 soils contained small 
concentrations of CFA and CHA (Table 2). Applied Technosols added organic C to the soils and 
humification can be favored. 
The amended soils were the only samples where DOC was detected, although it was in 
very low concentrations (Table 2). The DOC concentration in T2 was the highest. The same 
happened with the proportion of DOC to TOC (3.27%). The ratios of DOC/TOC in T3 and T4 
were only 0.04% and 0.05%, respectively. 
Microbial biomass carbon was only detected in the amended soils (Table 2). T2 had the 
highest biomass C content. This could be due to the mussel biodeposits because it was the only 
sample with this kind of waste, which can favors the presence and proliferation of 
microorganisms. These microbes could influence CFA and CHA contents because much of the 
humification process is carried out by them. The TOC content was significantly positively 
correlated (P < 0.05) with biomass C, as it was observed by other authors (Chander and 
Brookes, 1993; Barajas Aceves et al., 1999). The Technosols applied as amendments increased 
soil organic C (as mentioned above); therefore they can favors microbial activity. 
3.3. Pseudototal and DTPA-extractable metal contents 
T1 and T2 had high concentrations of DTPA extractable Al (Figure 3), which was 
probably due to that they were acidic samples (Table 2). The soils with pH > 7 (Table 2) had 
low concentrations of Al extracted with DTPA, which was in very low proportion (< 0.03%) in 
relation to their pseudototal contents. There was a negative correlation between pH and DTPA-
extractable Al content (r = −0.97, P < 0.05). As mentioned above, the added amendments 
significantly increased the soil pH. 
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Pseudototal Cr contents in T1, T2 and T3 (Figure 4) exceeded the pollution limits of 
several reference guides (Kelly Indices, 1980; NMHSPE, 2000; Macías and Calvo de Anta, 
2009). The amended soils had lower Cr concentrations compared with the untreated one (Figure 
4). Nevertheless, no DTPA-extractable Cr was detected in any of the soils. The origin of Cr in 
the mine tailing soil was probably lithogenic and Cr in the amended samples possibly came 
from the added wastes (Table 1). 
All the soils were polluted by Cu (Figure 4) because the parent material was rich in this 
heavy metal (NMHSPE, 2000; Macías and Calvo de Anta, 2009). The amended samples were 
also polluted by Cu probably because of the leachate from the original mine soil. 
 
Figure 3. Mean diethylenetriaminepentaacetic acid DTPA-extractable metal contents (n = 3) in 
the soil samples of the sampling areas T1, T2, T3 and T4. Bars with the same letter for each 
element indicate no significant difference at P < 0.05 using analysis of variance test. 
Pseudototal Cu content was negatively correlated with biomass C (P < 0.05) 
corroborating that high levels of heavy metals reduced microbiological activity, which was also 
observed by several authors (Chander and Brookes, 1993; Barajas Aceves et al., 1999; Duarte et 
al., 2008; Zhang et al., 2008; Masto et al., 2009). The DTPA extractable Cu contents in T2 and 
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T4 were higher than the pollution limit (50 mg kg−
1
) (Figure 3), which means that both soils 
have hazardous Cu concentrations nowadays. 
The parent material of the mine soil contains amphibolites, very rich in iron sulphides 
(pyrite and chalcopyrite) and Mn compounds (Vega et al., 2005). This has caused high 
pseudototal concentrations of Fe and Mn in all these soils (Figure 4). 
The amended soils had significantly higher pseudototal Ni concentrations than T1 (Figure 
4). This metal was added with wastes because all of them contained it (Table 1, Figure 4). Ni 
concentrations in DTPA extractable form were very low (Figure 3). 
 
Figure 4. Mean pseudototal metal contents (n = 3) in the soil samples of the sampling areas T1, 
T2, T3 and T4. Bars with the same letter for each element indicate no significant difference 
using analysis of variance test at P <0.05. 
T2 and T4 were polluted by Pb (Macías and Calvo de Anta, 2009) (Figure 4). Pseudototal 
Pb content was positively correlated with both TOC and biomass C (r = 0.98 and r = 0.85, 
respectively, P < 0.01). Carbon and Pb contents were higher in the amended soils than in the 
untreated one (Table 2, Figure 4). Lead can make stable complexes with organic matter (Covelo 
et al., 2007; Vega et al., 2009), so the amended soils, which had high levels of TOC, had more 
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Pb than the untreated soil, which was poor in organic matter. This metal could also come from 
all the added wastes as all of them had considerable amounts of Pb (Table 1). In despite the two 
soils were polluted by this heavy metal, Pb was not detected in DTPA-extractable form in any 
of the samples. 
The pseudototal Zn contents in the amended soils exceeded the pollution limits (Kelly 
Indices, 1980; Macías and Calvo de Anta, 2009). Only T2 had DTPA-extractable Zn content 
higher than the pollution limit (Figure 3). All the added amendments had considerable amounts 
of this metal (Table 1). It was observed that the amendments significantly affected (P<0.05) 
pseudototal Zn content. 
4. Conclusions 
Untreated mine tailing soil in Touro had major limitations for the survival of vegetation: 
extremely acidic pH, high saturation of Na
+
 and Al
3+
, deficit of Ca
2+
 and K
+
, both undetectable 
organic and biomass C, and pollution by Cr and Cu. The Technosols added as amendments 
improved the properties of this degraded mine soil. The added wastes increased soil pH, CECe, 
percentage of exchange bases, and the contents of Ca
2+
, K
+
, organic and inorganic C, and 
microbial biomass. Saturation of Na
+
 and Al extracted with DTPA decreased significantly. 
Nevertheless, these wastes could increase heavy metal contents such as Ni, Pb or Zn. It is 
advisable to check whether the heavy metal concentration of the wastes is hazardous or not 
before adding to soils. It is also necessary to study the effect of these wastes over time and in 
more areas to conclude if they are actually favorable to restore degraded mine soils. 
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Hay diversos trabajos publicados sobre el efecto de enmiendas elaboradas con residuos y 
de vegetación implantada en suelos de mina, pero hay muy pocos estudios sobre el efecto que 
tiene el uso combinado de ambos tratamientos (Bendfeldt et al., 2001; Mains et al., 2006; Pérez-
de-Mora et al., 2006; de Varennes et al., 2010). Además, la mayoría de ellos han sido realizados 
en el laboratorio (no en condiciones de campo) y centrados en los efectos sobre las 
características químicas o físico-químicas del suelo. Aunque se han realizado estudios previos 
sobre el efecto de los tratamientos de recuperación llevados a cabo en los suelos de la mina de 
Touro (Vega et al., 2005; Fandiño et al., 2010; Asensio et al., 2011; Asensio et al., 2013a), 
todavía no se ha evaluado en profundidad el efecto que tiene en el suelo de la mina el efecto de 
estos tratamientos y, además, no se ha elaborado ningún tipo de índice de calidad para estos 
casos. 
Por todo esto, los objetivos principales de esta tesis eran: 
1. Elaborar una índice de calidad para suelos de balsas de flotación y de escombreras 
de minas vegetados con árboles y enmendados con residuos. 
2. Evaluar cuál es el mejor tratamiento para incrementar la calidad de los suelos de 
mina (vegetar con pinos y eucaliptos, enmendar con residuos o ambos a la vez). 
Estos objetivos principales se dividen a su vez en objetivos más específicos: 
 Evaluar en profundidad el efecto que tiene cada tratamiento en cada uno de los tipos 
de calidad del suelo por separado (física, química y biológica). 
 Crear un conjunto mínimo de datos con las características imprescindibles para 
evaluar la calidad de suelos de mina recuperados con vegetación arbórea y 
enmiendas elaboradas con residuos. 
 Elaborar una índice de calidad de suelos de balsas de flotación y de escombreras 
recuperados con vegetación arbórea y enmiendas elaboradas con residuos. 
Para llevar a cabo los objetivos de la tesis, se seleccionaron suelos ubicados en zonas no 
tratadas, vegetadas, enmendadas con residuos y con los dos tratamientos, tanto en la balsa de 
flotación como en la escombrera. Más detalles sobre los suelos seleccionados se pueden 
observar en la en la tabla 1 y en la Figura 1. 
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Figura 1. Suelos seleccionados para la tesis.  
Tabla 1. Ubicación, nomenclatura, profundidad del horizonte, tipo y duración del tratamiento de 
los suelos seleccionados para la tesis. 
Zona de la 
mina 
Nomenclatura del 
suelo 
Horizonte 
(profundidad) 
Tipo de tratamiento 
Tiempo del 
tratamiento 
Balsa de 
flotación 
B1 AC (40cm) Ninguno (control) ─ 
B2v AC (20cm) Plantación de árboles 21 años 
B3v AC (20cm) Plantación de árboles 6 años 
B4Aw AC (20cm) Enmienda con 
residuos 
5 meses 
B4Bw C (40cm) 
Escombrera 
M1 AC (20cm) Ninguno (control) ─ 
M2Av AC (4cm) 
Plantación de árboles 21 años 
M2Bv C (20cm) 
M3w AC (300cm) 
Enmienda con 
residuos 
6 meses 
M4vw AC (70cm) Árboles + Residuos 10 años 
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There are numerous published studies about the effect of waste amendments and planted 
vegetation in mine soils, but there are just a few about the effect of the combined use of both 
treatments (Bendfeldt et al., 2001; Mains et al., 2006; Pérez-de-Mora et al., 2006; de Varennes 
et al., 2010). In addition, most of them have been carried out under laboratory conditions (not 
under field conditions) and they have been focused on the effect of such treatments on chemical 
or physico-chemical soil characteristics. Although there are previous studies about the effect of 
that soil reclamation treatments in the mine soils located in Touro (Vega et al., 2005; Fandiño et 
al., 2010; Asensio et al., 2011; Asensio et al., 2013a), the effect of that treatments in that mine 
soils has not been evaluated in depth and, moreover, it has not been created any quality index 
for these type of case. 
For all these reasons, the main aims of the present thesis were: 
1. Elaborating a soil quality index for settling ponds and mine tailings located at 
mines vegetated with trees and amended with wastes. 
2. Evaluating which is the best treatment to increase the quality of mine soils 
(vegetating with pines and eucalyptuses, amending with wastes or both). 
These main aims were subdivided into more specific objectives: 
 Evaluating in depth the effect of each treatment in each type of soil quality 
(physical, chemical and biological). 
 Creating a minimum data set with the characteristics that are essential to 
evaluate the quality of mine soils reclaimed by planting trees and amending 
with wastes. 
 Creating a soil quality index for settling ponds and mine tailings reclaimed by 
planting trees and amending with wastes. 
In order to carry out the aims of the thesis, it was selected soils located at untreated, 
vegetated, amended with wastes and with both treatments areas, both in the settling and the 
mine tailing. More details about the selected soils can be observed in table 1 and Figure 1. 
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Figure 1. Soils selected for the thesis. 
Table 1. Location, label, depth of the horizon, type and time of the treatment in the soils 
selected for the thesis. 
Mine zone Soil label Horizon (depth) Type of treatment Time of treatment 
Settling pond 
B1 AC (40cm) None (control) ─ 
B2v AC (20cm) Tree vegetation 21 years 
B3v AC (20cm) Tree vegetation 6 years 
B4Aw AC (20cm) 
Waste amendment 5 months 
B4Bw C (40cm) 
Mine tailing 
M1 AC (20cm) None (control) ─ 
M2Av AC (4cm) 
Tree vegetation 21 years 
M2Bv C (20cm) 
M3w AC (300cm) Waste amendment 6 months 
M4vw AC (70cm) Trees + Wastes 10 years 
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1.1. Introduction 
Reclaiming areas where mining has previously carried out is necessary in order to restore 
mine soils. Mine tailings occupy huge areas, requiring substantial resources to improve the 
quality of their soils. Planting vegetation is a common practice to reclaim mine areas (Shrestha 
and Lal, 2008; Chodak and Niklińska, 2010; de Varennes et al., 2010), although in most cases 
this is not enough due to the severely degraded condition of these soils (extreme pH, nutrient 
deficiency, poorly aerated). Amending with organic residues has proven to be a cheap and 
effective treatment to increase soil quality (Bendfeldt et al., 2001; Brown et al., 2003; Hemmat 
et al., 2010), as well as being a good way to reuse wastes. 
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There are three main categories of soil quality indicators: chemical, physical and 
biological (Carter et al., 1997). This paper focuses on the physical quality of the studied soils. 
In 1988, work began on recovering the depleted copper mine in the village of Touro 
(Galicia, north-west Spain, Figure 1.1). The mine soils were partially reclaimed by planting 
trees at the end of the copper extraction, although another company has been carrying out work 
to restore the whole area since 2000. This reclamation process involves planting pine trees 
(Pinus pinaster Aiton) and eucalypts (Eucalyptus globulus Labill) and amending with organic 
wastes (mainly sewage sludge and paper mill residue). Mine soils are usually physically 
degraded (Shukla et al., 2004a; Shrestha and Rattan Lal, 2011). They have high bulk density, 
high percentage of stoniness, poor structure and low porosity (Shukla et al., 2004b). In order to 
evaluate the physical quality of soil, bulk density, porosity, aggregate size distribution and 
percentage of water stable aggregates (WSA) are widely used as indicators (Boix-Fayos et al., 
2001; Reynolds et al., 2002; Shukla et al., 2004b; Velasquez et al., 2007; Shrestha and Lal, 
2008). The percentage of stoniness was also taken into account in this study, as it is usually an 
important limiting factor for vegetation in mine soils (Vega et al., 2005). Soil physical 
characteristics are usually influenced by soil pH or organic carbon concentrations (SOCs). Soil 
organic carbon is known to be a critical parameter affecting virtually all aspects of physical soil 
quality (Reynolds et al., 2008). 
Numerous studies have already evaluated the effect of waste amendments and/or 
vegetation on heavy metal-polluted mine soils (Shu et al., 2005; Vega et al., 2005; Conesa et al., 
2007a; Conesa et al., 2007b; Lottermoser et al., 2008; Nouri et al., 2009; Karami et al., 2011), 
but only a few of them have focused on physical soil properties (Jordán et al., 2009; Zanuzzi et 
al., 2009). The added value of this research is that it was carried out under field conditions and 
with the combined effect of tree vegetation and waste amendments. 
The hypothesis of this work was that planting trees and amending with sewage sludge and 
paper mill residues improves the physical quality of mine soils, especially when both treatments 
are combined. For this reason, selected physical properties were measured in soils at the Touro 
mine with different treatments (vegetated, amended or vegetated + amended) applied at 
different times. 
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1.2. Materials and methods 
1.2.1. Soil sampling 
The sampling area is located at the mine in Touro (Galicia, north-west Spain) (Lat/Lon 
(Datum ETRS89): 8º20’12.06’’W 42º52’46.18’’N) (Figure 1.1). The climate of the 
experimental site is Atlantic (oceanic), with precipitation reaching 1886 mm per year (with an 
average of 157 mm per month) and a mean daily temperature of 12.6 ºC. The average relative 
humidity is 77% (AEMET, 2013). 
 
Figure 1.1. Location of sampled areas in Touro mine. Source: ©Instituto Geográfico Nacional 
de España. 
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The settling pond in the Touro mine was created with waste from the copper flotation 
process, but today it is completely emerged and dry. There is an active oxidation zone near the 
surface where vegetation does not grow. The unvegetated or amended areas in the mine tailing 
were also completely bare. In order to evaluate the effectiveness of treatments in the settling 
pond and mine tailing, four areas were selected in each area (Table 1.1 and Figure 1.1). The soil 
samples are described in greater detail below. Five soil samples were randomly collected in 
points sufficiently spaced to be representative of each site on 9th March 2010. Samples were 
stored in polyethylene bags, dried at room temperature and sieved to < 2 mm prior to being 
analysed. All soils had only one horizon, except two of them, where both horizons were 
sampled (described below). Soils were classified according to the latest version of the FAO 
(2006). 
Table 1.1. Soil samples. 
Zone Name Horizon Treatment Time of treatment 
Settling pond 
B1 AC None ─ 
B2v AC Tree vegetation 21 years 
B3v AC Tree vegetation 6 years 
B4Aw AC Waste amendment 5 months 
B4Bw C None ─ 
Mine tailing 
M1 AC None ─ 
M2Av AC Tree vegetation 21 years 
M2Bv C None ─ 
M3w AC Waste amendment 6 months 
M4vw AC Trees + Wastes 10 years 
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1.2.2. Settling pond samples 
The control sample from the settling pond (B1) was in an untreated area. B1 is a Spolic 
Technosol located 336 m above sea level, covering an area of 1.9 ha with an AC horizon 40 cm 
deep. 
The second sampled area (B2v) was chosen for its old vegetation. Pine trees (P. pinaster 
Aiton) were planted here in 1989 (21 years ago). B2 is also a Spolic Technosol, with 
spontaneous vegetation: eucalyptus (E. globulus Labill), gorse (Ulex sp.), heather (Erica sp.), 
Agrostis sp. and bryophytes. The B2v soil covers 6200 m2 and is 340 m above sea level, with an 
AC horizon 20 cm deep. 
The third sample (B3v) was chosen because of its young vegetation, in order to compare 
it with B2v and to observe the effect of trees over time. The B3v area was vegetated with 
eucalyptus in 2004, and is also a Spolic Technosol. This area also has spontaneous vegetation: 
pine trees (P. pinaster Aiton), Agrostis sp., broom (Cytisus sp.), Acacia sp. and bryophytes. The 
B3v soil covers 1.15 ha and is 335 m above sea level, with an AC horizon 20 cm deep. 
The fourth sample (B4w) was located in a recently amended area. Sewage sludge mixed 
with paper mill residue had been added 5 months before the sampling date. This waste was 
directly added with trucks and then spread on the soil surface, without being mixed in with the 
mine soil. The final depth of this new layer was 20 cm, with a volume of 280 tons per ha. The 
properties of this amendment are similar to those reported by Camps Arbestain et al. (2008). 
The general characteristics of the added waste were pH 8–10, more than 150 g kg-1 of total 
organic C, more than 100 mg kg
-1
 of total Cu and more than 300 mg kg
-1
 of total Zn. Only 
spontaneous herbaceous vegetation grew on B4, measuring 100 m
2
 and at a height of 339 m 
above sea level. B4 was an Urbic Technosol with two horizons: AC (B4Aw) and C (B4Bw). 
B4Bw was also sampled to compare it with the untreated sample (B1) as it was considered to be 
analogous of the control soil. B4Aw was 20 cm deep, and B4Bw was 40 cm deep. 
As the use of waste amendments in this area began only 5 months before the sampling 
date, there are no samples that are representative of the long-term effects of amendment, or both 
treatments at the same time (vegetation and amendment). 
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1.2.3. Mine tailing samples 
The control sample in the mine tailing (M1) was in an untreated area, and is classified as 
Spolic Technosol. M1 was 336 m above sea level and covered an area of 1.20 ha, with an AC 
horizon 20 cm deep. 
The second sampled area (M2v) was chosen because of its old vegetation, as it was 
vegetated with pine trees in 1989. It also had spontaneous vegetation: gorse (Ulex sp.), heather 
(Erica sp.), Agrostis sp. and bryophytes. This soil is also a Spolic Technosol, covering an area 
of 0.60 ha and 340 m above sea level, with an AC horizon 20 cm deep. The C horizon of this 
soil was also sampled to be compared with the untreated one (M1), as it is similar to the original 
bare soil but with the amendment on top of it. The AC horizon was named M2Av and the C 
horizon M2Bv. M2Av was 4 cm deep and M2Bv was 20 cm deep. 
The M3w soil is an Urbic Technosol created with sewage sludge and paper mill residue. 
These sludges were added 6 months before the sampling date by trucks, and then spread on the 
soil surface. The final depth of this new layer was around 3 m, covering an area of 0.8 ha. The 
amount of wastes added was around 158 tons per ha. These wastes were the same as those used 
in the settling pond. This soil was 178 m above sea level and only had natural herbaceous 
vegetation. 
The fourth area (M4vw) was selected because it was vegetated and amended at the same 
time. This area was vegetated with eucalyptus and amended in 2000 with the same type of 
wastes as M3. The amount added in M4vw was 297 tons per ha and the final depth of this new 
layer was around 70 cm. This area also had spontaneous vegetation (gorses, brambles, pine trees 
and bryophytes). The M4vw soil is also an Urbic Technosol, measuring 1.5 ha and 336 m above 
sea level. 
1.2.4. Analytical methodology 
Samples were air dried, passed through a 2 mm sieve and homogenized in a vibratory 
homogeniser for solid samples (Fritsch Laborette 27 rotary sampler divider) prior to analysis. A 
portion of each sample was sieved at 10 mm to determine aggregate size distribution. 
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Standard procedures were used to estimate both soil stoniness (Eriksson and Holmgren, 
1996) and particle size distribution (Day, 1965). Particle and bulk density were determined 
following standard procedures (Hao et al., 2008). Porosity was calculated as the difference 
between both densities as a percentage. 
Aggregate size distribution was determined by sieving 50 g of >10 mm aggregates in a 
set of five sieves (5, 2, 1, 0.25 and 0.05 mm). The mean weight diameter (MWD) obtained of 
each sample was related to the stability of the aggregates (Le Bissonnais, 1996). 
Each aggregate fraction was calculated as the percentage of the total soil used as per the 
following equation: 
n
1i
wixiMWD  (1) 
Where xi the mean diameter of each fraction (mm) and wi is the percentage of aggregates 
of each sieve related to the total soil used. 
The determination of water stable aggregates (WSA) was carried out with standard 
equipment (Eijkelkamp Wet Sieving Apparatus). 4 g of 1–2 mm aggregates were moistened 
with a fine spray, and then subjected to 3 min of wet sieving in bidistilled water 3 times with 
speed of 34 times per minute. The residual sample was then sieved for around 10 min in a 
dispersant (NaOH 2 g L
-1
 or sodium hexametaphosphate 2 g L
-1
, depending on the soil pH). 
Vessels with the residues after each sieving were dried at 110 ºC and the dried residue was 
weighed. WSA were calculated with the coefficient between residues after sieving with 
dispersant and the total residues after the two sieving procedures. 
The structural stability index (SI) proposed by Pieri (1992) was calculated as a way of 
assessing the risk of structural degradation as per the following equation: 
100
claysilt
SOC274.1
SI    (2) 
Where SOC (%) is soil organic carbon content and (silt + clay) (%) is the combined silt 
and clay content of the soil. SI > 9% indicates stable structure, 7% < SI ≤ 9% means low risk of 
structural degradation, 5% < SI ≤ 7% indicates high risk of degradation, and SI ≤ 5% 
structurally degraded soil (Pieri, 1992). 
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A series of soil chemical characteristics generally associated with physical properties 
were determined (Table 1.2). Soil reaction was determined with a pH electrode in 1:2.5 water to 
soil extracts. Soil organic carbon was determined in a solid module (SSM-5000) coupled with a 
TOC analyser (Shimadzu TNM-1). 
1.2.5. Statistical analyses 
All of the analyses were performed in triplicate. The data obtained in the analytical 
determinations were statistically treated with SPSS version 15.0 for Windows (SPSS Inc., 
2006). Statistical analyses were performed by separating the data from the settling pond on one 
side and the data from the mine tailing on the other, as each zone has its own control soil. 
Analysis of variance (ANOVA) and homogeneity of variance tests were carried out. In case of 
homogeneity, a post hoc least significant difference (LSD) test was carried out. If there was no 
homogeneity, Dunnett’s T3 test was performed. The Mann–Whitney test was carried out when 
the data were not parametric. An independent t-test was carried out in order to compare each 
control soil (B1 or M1) with its respective analogue (B4Bw or M2Bv). A correlated bivariate 
analysis was also carried out, together with a principal component analysis (PCA) with data 
from all of the soil samples in each zone. 
1.3. Results and discussion 
1.3.1. Stoniness and particle size distribution 
The most recently amended soils (B4Aw and M3w) had the highest percentage of 
stoniness in their respective areas (Table 1.2), and both are classifiable as very stony (Porta et 
al., 2003). This could be due to the addition of wastes containing particles larger than 2 mm. 
The rest of the samples in the settling pond had moderate stoniness (Porta et al., 2003). All mine 
tailing samples had high stoniness except M2Av. Stoniness significantly decreased in the 
vegetated soils (Table 1.2). 
Both treatments (tree vegetation and waste amendments) significantly reduced the high 
proportion of sand in the settling pond and the mine tailing (Table 1.2). In the settling pond, the 
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percentage of clay in the amended horizon was significantly higher than in the control horizon, 
probably due to the granulometry of the wastes. The percentage of clay also significantly 
increased with the planted trees, but less than with the amendment (Table 1.2). The soil with old 
trees (B2v) had a higher percentage of clay than B3w (young trees) (Table 1.2). Therefore, it is 
probably that tree vegetation contributed in part to increase the percentage of clay, since roots 
favour the alteration of the parent material and vegetation cover could have protected this fine 
size fraction from the leaching. 
1.3.2. Density and porosity 
Particle density in soils is around 2.65 g cm
-3
 (Troeh and Thompson, 2005b). The only 
samples that exceed this value were the untreated soils (B1 and M1) and their analogues (B4Bw 
and M2Bv) (Table 1.2). The other samples had a particle density below this value (Table 1.2), 
meaning that the treatments significantly decreased this factor in both the settling pond and the 
mine tailing. Bulk density is around 1 g cm
-3
 in loose soils, 1.3 g cm
-3
 in undisturbed soils and 
1.6 g cm
-3
 in compacted soils (Troeh and Thompson, 2005b). The control soil in the settling 
pond (B1) was compacted according to these values (Table 1.2). Porosity increased and bulk 
density decreased in the treated soils from the settling pond, particularly in the amended soil. 
The increase in porosity in vegetated soils could be due to root penetration, breaking down and 
increasing the number of pores. The amendment had more porosity than the control settling 
pond soil that was probably due to the composition of the wastes, as B4Aw had more large 
aggregates and SOC than the other samples (Table 1.2). In fact, porosity was positive correlated 
with the percentage of 10–5 mm aggregates and SOC content (Pearson’s correlation coefficient 
(r) = 0.52 and r = 0.58 respectively; P < 0.05). Arvidsson (1998) reported that bulk density was 
lower for soils with high organic matter content. We observed that bulk density was negatively 
correlated with SOC content (r = -0.65, P < 0.01), as reported by other authors (Li et al., 2007; 
Tejada and Gonzalez, 2008). The added amendment decreased the bulk density more than 
vegetation, as the former provides more organic carbon than the latter (Table 1.2). This can be 
clearly observed when we compare the SOC contents between the older vegetated soil (B2v) 
and the recently amended soil (B3w) (Table 1.2). 
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Control soil in the mine tailing (M1) was loose according to (Troeh and Thompson, 
2005b) (Table 1.2). In the mine tailing, only the use of both treatments at the same time (M4vw) 
significantly increased porosity and decreased bulk density (Table 1.2). It is possible that the 
aggregates of the added wastes were different than those that were used in the settling pond. 
Both horizons from the vegetated soil (M2v) had a bulk density higher than 1.6 g cm3, 
indicating that M2v was compacted. A porosity of 20% is considered as normal in soils. The 
topsoil from the vegetated soil was the only one with a porosity percentage around this value. 
The porosity of the sub-superficial horizon from this soil (M2Bv) was near to sandy soil 
porosity (36–43%). M1, M3w and M4vw had a porosity corresponding to clay soils (51–58%). 
Plants perform better in intermediate soil textures (loams) where soils contain mixtures of 
micro and macropores. The pores in the clays may be so small and hold water so tenaciously 
that the water is not available to plants. Sandy soils with numerous macropores but few 
micropores have higher infiltration and percolation rates but a lower water-retaining capacity 
than other soil textures (Munshower, 1994). 
1.3.3. Mean weight diameter (MWD) 
The MWD of all samples indicates that the most of them had a stable structure, according 
to Le Bissonnais (1996). Only the untreated settling pond soil (B1) and its analogue (B4Bv) had 
medium stability (Table 1.2). MWD increased more in the recently amended soils than in the 
rest of the treated soils (Table 1.2). The largest aggregates (10–5 and 5–2 mm) predominated in 
the recently amended soils (B4Aw and M3w). Celik et al. (2010) reported an increase in the 
MWD by adding organic amendments to soils. In the settling pond this could be due to the high 
percentage of large aggregates in the added wastes (Table 1.2). MWD in settling pond samples 
was very positively correlated with SOC (r = 0.97, P < 0.01). This indicates that the 
macroaggregates were stable, according to  Abid and Lal (2008). In fact, the structural stability 
index (SI) was also very positively correlated with SOC (r = 0.99, P < 0.01). Many studies have 
shown strong correlations between soil aggregate stability and soil organic matter (Haynes and 
Naidu, 1998; Celik et al., 2004; Leroy et al., 2008).   
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Figure 1.2. Dry sieve fractions of soil samples graphed as proportion of whole soil. Mean 
values (n = 3). Values followed by different letters in each soil aggregate size of each mine area 
(settling pond or mine tailing area) means significantly differences (P < 0.05). 
In the settling pond samples, the largest aggregates (10–5 and 5–2 mm) were also positive 
correlated with SOC (r = 0.99 and r = 0.86 respectively, P < 0.01), probably because aggregates 
larger than 2 mm were held together by a fine network of roots and hyphae in soils with high 
organic carbon contents (Tisdall and Oades, 1982). The shortest aggregates (1–0.25, 0.25–0.05 
and >0.05 mm) were negatively correlated with SOC probably for the same reason (r = 0.91, P 
< 0.01; r = 0.85, P < 0.01; r = 0.53, P < 0.05, respectively). MWD was also positive correlated 
with pH (r = 0.97, P < 0.01), probably because large aggregates are formed in soils with a high 
pH (Boix-Fayos et al., 2001). In the mine tailing samples MWD was not statistically correlated 
with SOC content, but was positively correlated with the stoniness and sand percentages (r = 
0.77 and 0.7 respectively, P < 0.01). Small aggregates dominate in both the control and 
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vegetated soils from the mine tailing: more than 50% of aggregates were shorter than 2 mm 
(Figure 1.2). This could be due to root activity, which could break down soil aggregates. 
Vegetated soils had a more balanced aggregate size distribution (Figure 1.2), probably because 
they were slowly changing over time. 
1.3.4. Percentage of water-stable aggregates (WSA) 
All of the settling pond samples, except the recently amended one (B4Aw), were 
structurally degraded according to (Pieri, 1992) because their SI was less than 5% (Table 1.2). 
This indicates that planted vegetation by itself was not capable of improving the soil physical 
structure of the degraded settling pond, at least in a period of only 20 years. 
The control mine tailing soil (M1) and its analogue (M2Bv) were also structurally 
degraded (Pieri, 1992) (Table 1.2). Nevertheless, M2A and both amended soils had stable 
structures. Despite an increased SI in the topsoil of the vegetated but unamended area, only 
amendments significantly influence the SI (P < 0.05). This could be because amendments 
significantly affect SOC content (P < 0.05), as mentioned above. In addition, SI and SOC were 
positively correlated (r = 0.98, P < 0.01). 
1.3.5. Comparison between B1 and B4Bw 
An independent t-test was carried out in order to determine if there were any significantly 
differences between the control soil B1 and its analogue B4B. Most of the studied 
characteristics were significantly different (P < 0.05) from each other: stoniness, pH, particle 
and bulk density, porosity, MWD, all sizes of aggregates, SI, SOC content, and the percentages 
of sand, silt and clay. 
This could indicate that adding waste amendments to the surface of a settling pond soil 
may significantly change the condition of the mine soil, even though the amendment was not 
mixed with the settling pond soil. It is possible that the added wastes protected the bare soil 
from erosion and oxidation. The change from oxidizing to reducing conditions and the increase 
in carbon contents are probably the factors that most influence the modification of soil 
conditions after the addition of amendments. 
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1.3.6. Comparison between M1 and M2Bv 
The t-student test carried out shows significant differences (P < 0.05) between M2B and 
M1 in the majority of the physical properties that were studied: stoniness, bulk density, porosity, 
MWD, all sizes of aggregates, WSA, SI, sand, silt and clay. This could indicate that planted 
trees significantly changed the physical condition of the mine tailing soil. 
1.3.7. Principal component analysis (PCA) in the settling pond samples 
Nine parameters were selected as indicators of different physical soil conditions to 
perform a PCA (Table 1.3). Two principal components (PC1 and PC2) were obtained that 
account for 93% of the total variance. PC1 and PC2 explain 61.5% and 31.6% of the variance, 
respectively. 
The soil samples were located in a scatter plot based on the results from both of the PC 
obtained (Figure 1.3). None of the soil samples is in the same quadrant of the control, indicating 
that all of the treatments significantly changed the physical condition of the settling pond soil 
selected for PCA. 
According to both the rotated component matrix (Table 1.3) and the position of the 
samples on the scatter plot (Figure 1.3), B3v had a high percentage of stoniness, MWD, WSA, 
SI, silt and clay, and also a high bulk density. On the contrary, it had low sand and porosity 
values. This means that the eucalyptuses that were planted help to increase the percentage of 
both WSA and SI. As its texture is more compact than the mine tailing, the roots take longer to 
disaggregate the soil. The amended soil (B4Aw) had high stoniness, MWD, WSA, silt, clay and 
porosity, and a low bulk density and amount of sand. These properties are suitable to improve 
the physical condition of the settling pond soil, as B1 is located on the opposite site to B4Aw 
(Figure 1.3). B2v and B4Bw are in the same quadrant (Figure 1.3), indicating that both had low 
stoniness, MWD, WSA, SI, silt, clay and bulk density. On the other hand they had a high 
porosity and percentage of sand. The physical condition of both the B2v and B4Bw samples 
was practically the same as B1, with only their bulk density diminishing, probably due to the 
root activity in B2v and the addition of the amendment in B4Bw. Principal component 1 (PC1) 
was significantly correlated with both pH and SOC (P<0.01). 
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1.3.8. Principal component analysis (PCA) in the mine tailing samples 
Two principal components (PC1 and PC2) were obtained (Table 1.3), which accounted 
for 86% of the variation. To make it easier to interpret the results, porosity was not included in 
the analysis; otherwise three principal components would be obtained. Figure 1.3 shows the 
samples on the scatter plot based on the two principal components obtained. PC1 explains 
62.7% of the variance and PC2 23.2%. The two amended soils were the only samples that were 
positive for PC2, which means an increase in both WSA and SI. This was probably due to the 
addition of organic matter to the soil from the organic wastes. Both M2v samples were negative 
for both principal components, indicating that this soil had less stoniness, sand, WSA and SI, 
and more silt and clay than the others. The control soil is the only sample in the quadrant that is 
positive for PC1 and negative for PC2, indicating that M1 had a high percentage of both 
stoniness and sand, but a low amount of silt, clay, WSA and SI. Based on its properties, M1 is a 
degraded soil. The results from the PCs suggest that both treatments (vegetation and 
amendment) change the physical properties of the mine tailing soil, although with each 
treatment doing so in a different way. PC1 was significantly correlated with pH (P < 0.05), 
while PC2 was significantly correlated with both pH and SOC (P < 0.01). 
Table 1.3. The component score coefficients matrix from the PCA for both the settling pond 
and the mine tailing samples. 
Indicators 
Settling pond Mine tailing 
PC1 PC2 PC1 PC2 
Stoniness 0.91 0.38 0.97 0.23 
Bulk density -0.25 -0.95 -0.68 -0.56 
Porosity 0.12 0.98 ─ ─ 
MWD 0.91 0.40 0.75 0.13 
WSA 0.79 -0.07 0.05 0.84 
SI 0.86 0.49 0.05 0.95 
Sand -0.91 -0.38 0.99 -0.02 
Silt 0.96 0.05 -0.98 0.18 
Clay 0.83 0.52 -0.93 -0.24 
MWD: mean weight diameter; WSA: water stable aggregates; SI: stability index. 
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Figure 1.3. Scatter plot with the two principal components obtained in the PCA (PC1 and PC2) 
referred to both the settling pond and the mine tailing samples. 
1.4. Conclusions 
The untreated areas in the mine in Touro were physically degraded: low porosity, high 
density and less than 50% of water stable aggregates. Both planted trees and added waste 
amendments significantly changed these physical properties in the mine soils, although each 
treatment did so a different way. The planted vegetation increased soil porosity and, 
consequently, decreased the bulk density. On the other hand, the added amendments increased 
the percentage of MWD, WSA and SI, probably due to the addition of organic matter from the 
wastes added to the soil. It was seen that the simultaneous use of both treatments improved the 
physical condition of the mine soils better than the use of only one treatment. Waste supplies 
organic matter and roots increase porosity and the percentage of small aggregates. The best 
treatment for improving the physical quality of mine soils is to plant trees and to add organic 
wastes at the same time. 
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1.1. Introduction 
Waste material produced by metal mining is accumulated in two different sites. Material 
with a diameter of more than 1 mm is deposited in what are known as mine tailings, while fine 
materials, produced during the last step of metal extraction, are accumulated in settling ponds 
(also known as flotation banks). Settling ponds dry over time once mining activity has ended. 
Mine tailings and dry settling ponds are accepted as soils and defined as Technosols by the 
(FAO, 2006a), since they have properties and pedogenesis dominated by their technical origin 
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(made by humans). Mine soils resulting from metal mining have significant limitations for the 
survival of living organisms, such as extreme pH, low cation exchange capacity, pollution by 
heavy metals and low organic matter and nutrient concentrations (Akala and Lal, 2001; Vega et 
al., 2005; Asensio et al., 2011; Barrutia et al., 2011). Mine areas can cause significant 
environmental problems in the surrounding areas if their soils are not reclaimed. The first 
problem is the acid mine drainage produced when the sulphides in the rock fragments are 
oxidised (Johnson and Hallberg, 2005; Lin et al., 2007). The second problem is the increase in 
the solubility of metals due to the low mine soil pH (McBride et al., 1997; Lombi et al., 2002; 
Fandiño et al., 2010). Because of all these environmental problems, it is necessary to improve 
the quality of mine soils to avoid pollution and help plant species to develop. Soil reclamation 
strategies usually involve planting vegetation and amending. As the reclamation of mine soils 
requires large amounts of money due to their huge area, one of the most popular mine soil 
amendments used in recent years is to add waste material (Calace et al., 2005; Tandy et al., 
2009; Baker et al., 2011; Karami et al., 2011). An important factor in evaluating the effect of 
reclamation treatments on mine soils is to determine the distribution of heavy metals in the 
different soil fractions. Knowledge of the concentration of each heavy metal in each soil phase 
provides both the current and the potential phytoavailable concentrations. Total concentrations 
of heavy metals in soils only provide limited information on their toxic effects, since they are 
associated with various soil components in different ways (Jeng and Singh, 1993; Ahumada et 
al., 1999). 
The effect of organic amendments and/or vegetation on mine soils polluted by heavy 
metals have been evaluated by several authors (Vega et al., 2004, 2005; Shu et al., 2005; Conesa 
et al., 2007a; Conesa et al., 2007b; Lottermoser et al., 2008; Karami et al., 2011). However, 
only a few have carried out chemical fractionation of the retained metals (Tandy et al., 2009; 
Abbaspour and Golchin, 2011), and there is still a lack of information on the chemical 
fractionation of heavy metals in reclaimed mine soils under field conditions. The novelty of the 
current study is that we carried out a sequential extraction of heavy metals in mine soils under 
field conditions (within the mine) treated by planting trees or/and amending with wastes. The 
sampling site was located at the mine in Touro (Galicia, Northwest Spain). The mine tailing at 
this mine was formed by materials left over after extracting copper from the ore. There was also 
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a settling pond in this mine, consisting of fine materials from the copper flotation process. 
Copper was mined in Touro for 15 years, between 1973 and 1988. Since then, the mine has 
been used for the extraction of material for road construction. The company “Tratamientos 
Ecológicos del Noroeste” (Ecological Treatments of the Northwest) has carried out different 
reclamation treatments at Touro mine soils: planting eucalyptus and pine trees, amending with 
wastes (mainly sewage sludge and paper mill residues) and both tree planting and waste 
amending at the same time. Therefore, the main aim of this study was to evaluate whether these 
three treatments are able to decrease the bioavailability of heavy metals in polluted mine soils. 
For this reason, both the mobility and phytoavailability of Cr, Cu, Ni, Pb and Zn in different soil 
fractions were determined in reclaimed soils from a copper mine. We hypothesized that planting 
eucalyptus or pine trees, amending with sewage sludges and paper mill residues or combining 
the two treatments could decrease the mobility of heavy metals in mine soils. 
1.2. Materials and methods 
1.2.1. Study areas and soil sampling 
The mine is located in Touro (Galicia, Northwest Spain) (Lat/Lon (Datum ETRS89): 8° 
20′ 12.06″ W 42° 52′ 46.18″ N) (Figure 2.1). The climate in this zone is Atlantic (oceanic) with 
precipitation reaching 1886 mm per year (with an average of 157 mm per month) and a mean 
daily temperature of 12.6 °C. The average relative humidity is 77% (AEMET, 2013). 
 
Figure 2.1. Location of sampled sites in the Touro mine. Soils description is showed in Table 
2.1.Source: ©Instituto Geográfico Nacional de España. 
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The settling pond (B) and the mine tailing (M) of the mine were studied. One untreated 
site (B1), two vegetated sites (B2v and B3v) and one amended site (B4w) were sampled in the 
settling pond, whereas one untreated site (M1), one vegetated site (M2v), one amended site 
(M3w) and one vegetated-amended site (M4vw) were selected in the mine tailing (Table 2.1). 
Wastes added to the amended sites had pH 8–10, total organic C higher than 150 g kg−1, total 
Cu higher than 100 mg kg
−1
 and total Zn higher than 300 mg kg
−1
 (Camps Arbestain et al., 
2008). Five soil samples were randomly collected in points sufficiently spaced to be 
representative of each site on 9
th
 March 2010. Samples were stored in polyethylene bags, dried 
at room temperature and sieved to < 2 mm prior to being analysed. All of the soils only had one 
horizon, except for two, where both horizons were sampled (described below). The soils were 
classified according to the latest version of the (FAO, 2006a). 
1.2.1.1. Settling pond samples 
The settling pond site was completely dry at the sampling time. The control sample from 
this zone (B1) was in an untreated area. B1 is a Spolic Technosol located 336 m above sea level, 
covering an area of 1.9 ha, with an AC horizon 40 cm deep and without vegetation. The second 
settling pond sample was chosen for its old vegetation (B2v). Pine trees (Pinus pinaster Aiton) 
were planted here in 1989 (21 years). B2v is also a Spolic Technosol, with spontaneous 
vegetation: eucalyptus (Eucalyptus globulus Labill), gorse (Ulex sp.), heather (Erica sp.), 
Agrostis sp. and bryophytes. The B2v soil covers 6200 m
2
 and is 340 m above sea level, with an 
AC horizon 20 cm deep. The third settling pond sample was chosen because of its young 
vegetation (B3v), in order to compare it with B2v and to observe the effect of trees over time. 
The B3v area was vegetated with eucalyptus in 2004, and is also a Spolic Technosol. This area 
also has spontaneous vegetation: pines (P. pinaster Aiton), Agrostis sp., broom (Cytisus sp.), 
Acacia sp. and bryophytes. The B3v soil covers 1.15 ha and is 335 m above sea level, with an 
AC horizon 20 cm deep. The fourth settling pond sample was located in a recently amended 
area (B4w). Sewage sludge mixed with paper mill residue had been added 5 months before the 
sampling date. These wastes were directly added with trucks and then spread on the soil surface, 
without being mixed in with the mine soil. The final depth of this new layer was 20 cm, with a 
volume of 280 tons per ha. Only spontaneous herbaceous vegetation grew on B4, measuring 
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100 m
2
 and at a height of 339 m above sea level. B4w was an Urbic Technosol with two 
horizons: AC (B4Aw) and C (B4Bw). B4Bw was also sampled to compare it with the untreated 
sample (B1) as it was not mixed with the topsoil and it could be considered as analogous of the 
control soil. B4Aw was 20 cm deep and B4Bw was 40 cm deep. As the use of waste 
amendments in the settling pond site began only 5 months before the sampling date, there are no 
samples that are representative of the long-term effects of amendment, or both treatments at the 
same time (vegetation and amendment). 
1.2.1.2. Mine tailing samples 
The control sample in the mine tailing (M1) was in an untreated and bare area, and is 
classified as Spolic Technosol. B1 was 336 m above sea level and covered an area of 1.20 ha, 
with an AC horizon 20 cm deep. The second mine tailing sample was chosen because of its old 
vegetation (M2v), as it was vegetated with pine trees in 1989 (21 years). It also had spontaneous 
vegetation: gorse (Ulex sp.), heather (Erica sp.), Agrostis sp. and bryophytes. This soil is also a 
Spolic Technosol, covering an area of 0.60 ha and 340 m above sea level, with an AC horizon 
20 cm deep. The C horizon of this soil was also sampled in order to be compared with the 
untreated one (M1), as it is similar to the untreated mine soil but covered with the amendment. 
Table 2.1. Location, depth and reclamation treatment of soil samples. 
Mine area Label 
Horizon 
(depth, cm) 
Treatment Time of treatment 
Settling pond 
B1 AC (40) None (control) ─ 
B2v AC (20) Tree vegetation 21 years 
B3v AC (20) Tree vegetation 6 years 
B4Aw AC (20) 
Waste amendment 5 months 
B4Bw C (40) 
Mine tailing 
M1 AC (20) None (control) ─ 
M2Av AC (4) 
Tree vegetation 21 years 
M2Bv C (20) 
M3w AC (300) Waste amendment 6 months 
M4vw AC (70) Trees + Wastes 10 years 
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The AC horizon was named M2Av and the C horizon M2Bv. M2Av was 4 cm deep and M2Bv 
was 20 cm deep. The third mine tailing sample was in a recently amended area (M3w), and is an 
Urbic Technosol created with sewage sludge and paper mill residue. These sludges were added 
6 months before the sampling date by trucks, and then spread on the soil surface. The final 
depth of this new layer was around 3 m, covering an area of 0.8 ha. The amount of wastes added 
was around 158 tons per ha. This soil was 178 m above sea level and only had natural 
herbaceous vegetation. The fourth area was selected because it was vegetated and amended at 
the same time (M4vw). This area was vegetated with eucalyptus and amended in 2000 with the 
same type of wastes as M3w. The amount added in M4vw was 297 tons per ha, and the final 
depth of this new layer was around 70 cm. This area also had spontaneous vegetation (gorses, 
brambles, pine trees and bryophytes). The M4vw soil is also an Urbic Technosol, covering 1.5 
ha at a height of 336 m above sea level. 
1.2.2. Soil analysis 
1.2.2.1. General characterization of soil samples 
A series of soil characteristics generally associated with metal concentration and 
availability were determined (Table 2.2). The procedure of Eriksson and Holmgren (1996) was 
used to determine soil stoniness, and the procedure of Kroetsch and Wang (2008) for particle 
size distribution. Mineralogical analysis of the clay fraction was carried out by X-ray diffraction 
of crystalline powder in a Siemens D-5000 difractometer (Brindley and Brown, 1980). Soil 
reaction was determined with a pH electrode in 1:2.5 water to soil extracts while EC was 
determined according to (Porta, 1986). Exchangeable cations (Ca
2+
, K
+
, Mg
2+
, Na
+
, Al
3+
, Fe
2+
 
and Mn
2+
) were extracted with 0.1M BaCl2 (Hendershot and Duquette, 1986) and their 
concentrations determined by ICP-AES (Perkin-Elmer Optima 4300 DV). Effective cation 
exchange capacity (CECe) was calculated by adding up the total cation concentrations. The 
method developed by Mehra and Jackson (1960) was used to determine the free oxide 
concentrations. Aluminium, iron and manganese were determined in the extract by ICP-AES. 
Soil organic and inorganic carbon (SOC and IC) were determined in a solid module (SSM-
5000) coupled with a TOC analyser (Shimadzu TNM-1). 
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1.2.2.2. Concentrations of Cr, Cu, Ni, Pb and Zn 
Chromium, copper, nickel, lead and zinc were extracted with acidified 0.01M CaCl2 
(Houba et al., 2000). The chemical form of heavy metals extracted with 0.01M CaCl2 is 
operationally defined as phytoavailable (Houba et al., 2000). Pseudototal concentrations of Cr, 
Cu, Ni, Pb and Zn were extracted with aqua regia by acid digestion in a microwave oven 
(Milestone ETHOS 1). The certified reference material CRM026-050 was analysed in parallel 
with samples to check the effectiveness and precision of the extraction analysis. Pseudototal and 
CaCl2-extractable heavy metal concentrations were compared with the generic reference level 
(GRL) established for Galician soils (Macías and Calvo de Anta, 2009) (Table 2.2). 
The fractionation of the heavy metal concentrations was established after a sequential 
extraction procedure that is based on the operationally defined mobile (F1–F3) and immobile 
(F4–F6) fractions. This technique has been shown to be reliable by several authors (Kabala and 
Singh, 2001; Kashem et al., 2007; Diesing et al., 2008). Solid phase fractionation of Cr, Cu, Ni, 
Pb and Zn was carried out according to the procedure of Salbu et al. (1998) modified from 
Tessier et al. (1979). This method was designed to separate heavy metals into six operationally 
defined fractions: F1 as water-soluble, F2 as exchangeable, F3 as specifically sorbed and 
carbonate bound, F4 as associated (i.e. sorbed or occluded) mainly on Fe and Mn oxides, F5 as 
strongly complexed with organic matter and, finally, F6 as residual. Overlapping of these 
fractions can occur (Almås et al., 1999) and moreover metals in the mobile fractions can be 
reversibly sorbed (Almås et al., 2000). The following extractions were performed sequentially, 
as described below: 
 F1: Sample extracted with 20 ml of deionized water for 1 h at 20°C on a rolling table. 
 F2: The residue from F1 was extracted with 20 ml 1M NH4OAc, pH 7 for 2 h at 20 °C on 
a rolling table. 
 F3: The residue from F2 was extracted with 20 ml 1M NH4OAc, pH 5 for 2 h at 20°C on 
a rolling table. 
 F4: The residue from F3 was extracted with 20 ml of 0.04 M hydroxylamine 
hydrochloride (NH2OH·HCl) in 25% acetic acid (v/v) at pH 3 for 6 h in a water bath at 
80°C with occasional shaking. 
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 F5: The residue from F4 was extracted with 15 ml 30% H2O2 (adjusted to pH 2) for 5.5 h 
in a water bath at 80°C with occasional shaking. After cooling, 5 ml of 3.2 M NH4OAc in 
20% (v/v) HNO3 was added; the sample was shaken on a rolling table for 0.5 h at 20°C 
and finally diluted to 20 ml with water. 
 F6: The residue from the F5 fraction, extracted with 7M HNO3 for 6 h in a water bath at 
80°C with occasional shaking. 
Following each extraction or wash, the mixtures were centrifuged at 10,000 rpm for 30 
min. The solid phases were washed with 10 mL of bi-distilled water and centrifuged between 
each extraction step. The amount of metals recovered in the washing step was added to the next 
step prior the washing. The concentration of all metals was measured by ICP-AES. All of the 
reagents used for the analyses were of analytical grade. All equipment and containers were 
soaked in 10% HNO3 and rinsed with bi-distilled water before use. The index of the mobility of 
heavy metals was calculated as a mobility factor (MF) (Salbu et al., 1998) as follows: 
100
)6F5F4F3F2F1F(
)3F2F1F(
MF
 
1.2.3. Statistical analysis 
All of the analytical determinations were performed in triplicate. The data obtained were 
statistically treated with the programme SPSS version 19.0 for Windows. The data from the 
settling pond were statistically treated separately from the data of the mine tailing, as each mine 
site has its own control soil. Analysis of variance (ANOVA) and test of homogeneity of 
variance were carried out. In case of homogeneity, a post-hoc least significant difference (LSD) 
test was carried out. If there was no homogeneity, Dunnett's T3 test was performed. The Mann–
Whitney test was used when the data were not parametric. A correlated bivariate analysis was 
also carried out with data from all of the soil samples. A hierarchical clustering of the soil 
samples was performed through an average group clustering with the programme PRIMER 6 
and Permanova+ β3. Similarity between soil samples was established according to their 
Euclidean distance. This clustering was carried out with data of Cr, Cu, Ni, Pb and Zn 
concentration in each soil chemical fraction (F1 to F6). 
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1.3. Results 
1.3.1. Soils characteristics 
Tree planting and waste amending have significantly changed the physical and chemical 
properties of the mine soils (Table 2.2). The control soils (B1 and M1) had an extremely acidic 
pH (according to the USDA, 1998). The soil pH was still acidic 21 years after tree planting, but 
in amended sites the pH rose to 6–8, probably due to their high inorganic carbon concentrations. 
The clay percentage significantly increased after tree planting and waste amending in both mine 
areas. The mineralogy of the clay fraction changed to a higher ratio of crystalline minerals with 
the application of treatments. The soil total organic carbon concentration (SOC) was low in the 
two control soils and significantly increased with the application of treatments, especially with 
waste amending. The iron oxide concentration (Fe2O3) was higher in control soils, whereas the 
highest manganese oxide concentrations (MnO) were in the treated soils. The effective cation 
exchange capacity (CECe) increased with the addition of wastes in the settling pond and with 
both treatments in the mine tailing. 
1.3.2. Accuracy and precision of the analytical method 
The accuracy of the analytical method used to extract pseudo-total heavy metals 
concentrations was tested by determining Cr, Cu, Ni, Pb and Zn concentrations in the standard 
reference sample CRM026-050. The standard deviation (SD) between the average values of the 
CRM026-050 analysed in this study and the certified value was lower than the certified SD 
(Table 2.3). The differences between the certified value and the obtained results were lower than 
9% for the measured elements except in the case of Cr (Table 2.3). This confirms the good 
accuracy of the pseudo-total concentration results. 
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Table 2.2. Selected physico-chemical properties of the studied soils. 
Parameter 
 Settling pond samples 
 B1 B2v B3v B4Aw B4Bw 
Texture  Sandy loam Sandy loam Sandy loam 
Sandy clay 
loam 
Sandy loam 
Sand (%)  69.3±1.5a 69.1±<0.1c 65.1±1.9d 45.8±1.2e 71.1±1.9a 
Silt (%)  21.1±<0.1c 19.9±<0.1d 24.6±2.2b 27.9±1.9a 19.7±2.1e 
Clay (%)  9.5±1.5d 11.1±<0.1b 10.3±0.3c 26.1±0.7a 9.2±4.1e 
Crystalline 
minerals (%) 
 6.6-9.5 9.2-11.1 7.3-10.3 22.8-26.1 7.4-9.2 
pHH2O  3.8±<0.1d 4.8±<0.1b 4.7±<0.1b 6.9±0.1a 4.3±0.1c 
EC (ms cm
-1
)  0.1±<0.1c 0.03±<0.1d 0.03±<0.1d 0.4±<0.1a 0.1±<0.1b 
CECe (cmol kg
-1
)  2.1±<0.1b 2.5±<0.1b 2.4±<0.1b 58.4±2.9a 2.2±0.1b 
Al2O3 (g kg
-1
)  2.54±0.1d 7.41±0.1b 5.06±<0.1c 15.08±0.3a 2.38±<0.1d 
Fe2O3 (g kg
-1
)  88.3±4.1a 38.9±0.6b 28.6±0.1c 23.1±<0.1d 27.9±0.5c 
MnO (g kg
-1
)  0.02±<0.1c 0.6±<0.1b 0.8±<0.1a 0.8±<0.1a 0.06±<0.1c 
IC (g kg
-1
)  0.3±<0.1b 0.2±<0.1b 0.3±<0.1b 3.2±0.6a 0.3±<0.1b 
SOC (g kg
-1
)  1.4d 10.4b 11.1b 112a 1.5c 
DOC (g kg
-1
)  0.01±<0.1d 0.09±<0.1bc 0.1±<0.1b 1.2±<0.1a 0.03±<0.1cd 
Mean±SD values (n=3). Values followed by different letters in each row of each mine area 
differ significantly with P<0.05. u.l.: undetectable level, EC: electrical conductivity, CECe: 
effective cation exchange capacity, IC: inorganic carbon, SOC: soil organic carbon, DOC: 
dissolved organic carbon. Soils description is showed in Table 2.1. 
 
  
Effects of tree vegetation and waste amendments on the fractionation of Cr, Cu, Ni, Pb and Zn in polluted mine soils 
129 
Table 2.2. (cont.) Selected physico-chemical properties of the studied soils. 
Parameter 
 Mine tailing samples 
 M1 M2Av M2Bv M3w M4vw 
Texture  Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam 
Sand (%)  69.1±3.4a 51.1±4.7e 59.3±0.7d 66.2±2.6b 60.8±0.3c 
Silt (%)  20.1±0.5e 32.2±6.2a 25.4±1.0c 23.5±4.5d 26.1±0.2b 
Clay (%)  10.9±3.9d 16.7±1.4a 15.3±1.7b 10.3±1.9e 13.1±0.1c 
Crystalline 
minerals (%) 
 4.7-10.9 7.1-16.7 8.1-8.1 6.4-10.3 6.9-13.1 
pHH2O  3.6±<0.1e 6.6±0.1b 5.2±0.1d 5.8±<0.1c 8.2±<0.1a 
EC (ms cm
-1
)  0.1±<0.1c 0.1±<0.1c 0.1±<0.1c 1.9±0.2a 0.2±<0.1b 
CECe (cmol kg
-1
)  3.8±0.1e 12.0±0.4c 9.4±0.5d 20.8±1.1b 26.7±0.7a 
Al2O3 (g kg
-1
)  3.22±<0.1e 11.65±0.2b 4.67±<0.1d 15.53±<0.1a 7.82±0.1c 
Fe2O3 (g kg
-1
)  132±2.4a 74.8±0.9c 111±0.8b 22.1±0.1d 7.4±0.1e 
MnO (g kg
-1
)  0.02±<0.1e 1.8±<0.1b 0.5±<0.1d 1.2±<0.1c 4.5±<0.1a 
IC (g kg
-1
)  0.3±<0.1b 0.2±<0.1b 0.2±<0.1b 0.2±<0.1b 32.4±1.1a 
SOC (g kg
-1
)  3.2c 35.1a 6.6b 56.3a 54.8a 
DOC (g kg
-1
)  u.l. u.l. 0.02±<0.1c 1.2±<0.1a 0.3±<0.1b 
Mean±SD values (n=3). Values followed by different letters in each row of each mine area 
differ significantly with P<0.05. u.l.: undetectable level, EC: electrical conductivity, CECe: 
effective cation exchange capacity, IC: inorganic carbon, SOC: soil organic carbon, DOC: 
dissolved organic carbon. Soils description is showed in Table 2.1. 
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The percentage of recovery with the sequential extraction procedure (by comparing the 
sum of all fractions and the pseudo-total concentration) was 50–132%. However, the percentage 
of Cr, Ni, Pb and Zn was lower than 50% in some samples, all of which were located in 
unamended sites (Table 2.4). Most of the non-extracted heavy metal could have been associated 
with the residual fraction, as the unamended soils had lower concentrations in F6 than expected 
(Figure 2.2). The intra-method reproducibility of the sequential extraction procedure was good, 
with standard deviations (SD) of less than 10% for all fractions and all soils. Therefore, the low 
recovery could be due to the stronger sorption of heavy metals in the clay fraction of 
unamended soils, making it harder to break down bonds. Amorphous (non-crystalline) minerals 
have a stronger sorption capacity than crystalline minerals (McBride, 1994; Sparks, 1995). The 
unamended soils had a lower percentage of crystalline minerals than the other soils (Table 2.2) 
as a result of which, the extraction of heavy metals from the lattice of minerals could have been 
more difficult. 
1.3.3. Soil chromium 
The untreated settling pond and mine tailing soils (B1 and M1) showed pseudo-total Cr 
concentrations higher than the generic reference level (GRL) for Galician soils (Table 2.3). 
Although planting pines for 21 years significantly decreased soil Cr concentration in the two 
mine areas, the B2v and M2v sites were still polluted by this heavy metal (Table 2.3). Planting 
eucalyptus in the settling pond (B3v) decreased Cr concentration to a value below the GRL, and 
also in the mine tailing by combining planting with the addition of wastes (M4vw) (Table 2.3). 
Amending with wastes decreased pseudo-total Cr in both mine areas, but only in the mine 
tailing to a concentration below the GRL (Table 2.3). Chromium extractable with CaCl2 was 
undetectable in all soil samples (Table 2.3). All of the soils had more than 71–93% of Cr in the 
residual fraction, except the soil with the two treatments (42%), while the mobility factor (MF) 
was below 2.6% in all sites (Table 2.4, Figure 2.2). The percentage of recovery for Cr was 
unusually low in B1, B2v, B4Bw, M1, M2Av and M2Bv (Table 2.4). 
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Table 2.3. Pseudototal and CaCl2-extractable (phytoavailable) heavy metal concentrations in 
soil samples and the reference soil CRM026-050. 
Soil 
CaCl2-extractable heavy metal contents (mg kg
-1
) 
Cr Cu Ni Pb Zn 
B1 u.l. 12.6± 0.1a u.l. u.l. u.l. 
B2v u.l. 1.6± <0.1c 0.2±<0.1b 0.4± <0.1a 0.2± <0.1cd 
B3v u.l. 6.7±0.1b 0.4±<0.1a 0.4± <0.1a 0.4±<0.1c 
B4Aw u.l. 0.7±<0.1d u.l. u.l. 0.9±<0.1b 
B4Bw u.l. 13.4±0.3a u.l. u.l. 1.6±0.3a 
M1 u.l. 17.2±0.9b 0.2±<0.1d u.l. 0.8±<0.1d 
M2Av u.l. 93.1±7.2a 2.4±<0.1a u.l. 9.2±0.1b 
M2Bv u.l. 20.9±1.4b 1.4±<0.1c u.l. 1.7±<0.1c 
M3w u.l. 4.3±0.1c 1.9±<0.1b u.l. 26.8±0.3a 
M4vw u.l. u.l. u.l. u.l. u.l. 
GRL 80 50 75 80 200 
CRM026-050
a)
 ─ ─ ─ ─ ─ 
CRM026-050
b)
 ─ ─ ─ ─ ─ 
SD ─ ─ ─ ─ ─ 
Mean ± SD values (n = 3). Values followed by different letters in each row of each mine site 
differ significantly with P < 0.05. u.l.: undetectable level. GRL: Generic Reference Level 
established for Galician soils (Macías and Calvo de Anta, 2009). a): values obtained from this 
study. b): certified values. Values in bold are over the GRL. Soils description is shown in Table 
2.1. 
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Table 2.3. (cont.) Pseudototal and CaCl2-extractable (phytoavailable) heavy metal 
concentrations in soil samples and the reference soil CRM026-050. 
Soil 
Pseudototal heavy metal contents (mg kg
-1
) 
Cr Cu Ni Pb Zn 
B1 194±2.8a 310±8.1b 16.2±1.1c 19.1±1.4c 41.4±0.7c 
B2v 86.3±7.1cd 63±5.8c 66.7±1.1a 31.9±3.9bc 90.2±8.3b 
B3v 71.8±3.1d 75.3±7.5c 55.6±9.5b 32.1±1.7b 89.5±10.4b 
B4Aw 94.1±5.6c 467±21.1a 50.5±1.2b 97.1±6.2a 538±25.1a 
B4Bw 136±18.1b 338±16.1b 15.6±0.7c 16.9±0.6c 45.9±1.9c 
M1 118±18.6b 911±63.7b 15.3±1.3d 19.3±0.7d 78.2 ±10c 
M2Av 138±9.9a 1921±126a 121±1.9a 24.7 ±0.5c 176 ±10.3b 
M2Bv 118 ±3.1b 537±31.8c 31.4±4.3c 16±1.3d 59.7±3.5c 
M3w 68.9±3.4c 350±20.8d 55.6±3.2b 71.1 ±3.6a 307±20.5a 
M4vw 31.7±2.2d 51.1±3.5e 128±10.1a 34.4±0.9b 135±3.5b 
GRL 80 50 75 80 200 
CRM026-050
a)
 46.7±2.4 23.2±0.5 20.1±1.5 34.6±0.7 149±2.1 
CRM026-050
b)
 36.9±13.9 22.5±2.8 19.3±4.4 30.7±6.7 169±18.4 
SD 6.9 0.5 0.6 2.7 14.4 
Mean ± SD values (n = 3). Values followed by different letters in each row of each mine site 
differ significantly with P < 0.05. u.l.: undetectable level. GRL: Generic Reference Level 
established for Galician soils (Macías and Calvo de Anta, 2009). a): values obtained from this 
study. b): certified values. Values in bold are over the GRL. Soils description is shown in Table 
2.1. 
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1.3.4. Soil copper 
Pseudo-total Cu values were higher than the GRL for Galicia in all soils (Table 2.3). The 
soil copper concentration increased with the addition of wastes to the settling pond (B4w) and 
decreased by planting pines (B2v and B3v) (Table 2.3). Waste amending in the mine tailing 
(M3w) decreased the soil pseudo-total Cu concentration, especially in combination with 
eucalyptus planting (M4vw) (Table 2.3). Planting pines on the mine tailing increased pseudo-
total copper in the topsoil (M2Av) but decreased the concentration in the subsuperficial horizon 
(M2Bv). The concentration of CaCl2-extractable Cu decreased with waste amending in both 
mine areas, although only with tree planting in the settling pond (Table 2.3). The mine tailing 
vegetated with pines (M2Av) had a CaCl2-extractable Cu concentration higher than the GRL 
(Table 2.3) and the highest MF of all soils (Table 2.4). The copper distribution in the mine soils 
significantly changed after reclamation treatments (Figure 2.2). All of the soils had most of their 
Cu in F5 and F6, while the treated soils had a lower concentration in F6 and a higher 
concentration in F5 than their respective control soils (Figure 2.2). The highest MF for Cu was 
observed in soils with tree vegetation (Table 2.4). Nevertheless, the total for all of the 
concentrations in the mobile fractions was lower than 6 mg kg
−1
 (except for the topsoil in M2v). 
1.3.5. Soil nickel 
The vegetated or amended mine sites had higher pseudo-total Ni concentration than the 
controls (Table 2.3). Moreover, the two mine tailing sites vegetated with pines (M2Av and 
M4vw) had nickel concentrations higher than the GRL for Galicia (Table 2.3). These two soils 
should have most of their Ni bound to Fe or Mn oxides (F5), and the concentrations in the 
mobile fractions as well as those extracted with CaCl2 were low (Table 2.3, Figure 2.2). A 
significantly positive correlation was observed between the Ni extracted in the F4 and soil Mn 
oxides in the mine tailing samples (P < 0.01, r = 0.87). All of the soil samples except for those 
mentioned above (M2Av and M4vw) had most of their nickel in the residual fraction (Figure 
2.2). The highest MF percentages for Ni were observed in the recently amended sites, but both 
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soils had very low concentrations in the mobile fractions (F1+ F2 + F3 lower than 4 mg kg
−1
). 
The percentage of recovery for Ni was low in B1, B2v, B4Bw and M1 (Table 2.4). 
1.3.6. Soil lead 
The highest pseudo-total Pb concentration was observed in the recently amended soils 
(B4Aw and M3w), which were polluted by this heavy metal according to the GRL for Galicia 
(Table 2.3). Nevertheless, the CaCl2-extractable Pb concentration was undetectable in these two 
polluted soils (Table 2.3). The distribution of this heavy metal in the soil samples showed that 
the highest concentration was in the residual fraction (Figure 2.2). The mine sites treated by tree 
planting had 16–24% of Pb in the fraction bound to Fe or Mn oxides (Figure 2.2). The bivariate 
correlated analysis established a significantly positive correlation between lead in F4 and Mn 
oxides concentration, both in the settling pond and mine tailing soils (P < 0.05, r = 0.53 and 0.95 
respectively). The percentage of recovery for Cr was low in B1 and B4Bw (Table 2.4). 
1.3.7. Soil zinc 
The two recently amended sites (B4Aw and M3w) were polluted by Zn according to the 
GRL for Galician soils (Table 2.3). The highest pseudo-total and CaCl2-extractable Zn 
concentrations were observed in soils with only one treatment (not controls or soil with two 
treatments), and was higher in the amended than in the vegetated soils (Table 2.3). The 
phytoavailable Zn concentration (CaCl2-extractable) decreased to an undetectable concentration 
in the site with both treatments (M4vw) (Table 2.3). The distribution of Zn in the soil fractions 
was different in each mine area. The control settling pond site (B1), the subsuperficial horizon 
B4Bw and the vegetated sites (B2v and B3v) had most of their Zn in the residual fraction 
(Figure 2.2). The topsoil in the amended settling pond site (B4Aw) had most of its Zn in F4 
(Figure 2.2). The untreated mine tailing soil and its analogue (M2Bv) had the highest Zn 
concentration in F6, whereas all the treated mine tailing sites had the highest concentration in 
F4 (Figure 2.2). The percentage of recovery for Cr was low in B1, B2v, B4Bw and M1 (Table 
2.4). 
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1.4. Discussion 
1.4.1. Starting point: heavy metals in the untreated mine soils 
Settling pond and mine tailing soils in the untreated mine sites (B1 and M1, respectively) 
were polluted by Cr and Cu (Table 2.3). Pollution by these heavy metals should not be an 
environmental problem in the Touro mine soils at the present time, as the phytoavailable 
concentration as well as the amount extracted in their mobile fractions were below the GRL 
(Table 2.3, Figure 2.2). However, in order to prevent the future bioavailability of Cr and Cu, it 
is important to observe whether planting trees or amending with wastes decreased the 
concentration of these heavy metals in the soils. The effect of the treatments will not be the 
same in each mine area due to the different soil characteristics of the settling pond and mine 
tailing (Table 2.2). 
1.4.2. Effect of tree vegetation 
Planting eucalyptus or pines decreased pseudototal Cr and Cu concentrations in the 
settling pond and mine tailing soils (Table 2.3). The vegetated mine sites had a lower Cr and Cu 
concentration than the untreated sites in all soil fractions (Figure 2.2) and a higher mobility 
factor (Table 2.4), suggesting that these heavy metals could have been mobilised from the less 
mobile to the more mobile soil fractions. Root activity could have released Cr and Cu from the 
non-mobile fractions, since root exudates can mobilise micronutrients from relatively insoluble 
compounds (Kabata-Pendias, 1993). 
After mobilisation, Cr and Cu could have been lost by leaching, and Cu also could have 
been taken up by plants, as it is a micronutrient. The accumulation of Cr and Cu in M2Av can 
be explained because this horizon comprises the first 4 cm of soil, and heavy metal 
concentrations in soils usually decrease with depth. In fact, the subsuperficial horizon in this 
soil (M2Bv) had significantly less Cu than the untreated mine tailing and a similar Cr 
concentration (Table 2.3). 
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Figure 2.2. Mean and SD 
values (n = 3) of the Cr, Cu, 
Ni, Pb and Zn distribution in 
the different fractions of the 
soil samples (soils 
description is showed in 
Table 2.1). 
Soil fractions are F1 (water-
soluble), F2 (exchangeable), 
F3 (carbonate bound and 
specifically sorbed), F4 
(associated mainly on Fe and 
Mn oxides), F5 (organically 
bound) and F6 (residual). 
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Nickel, lead and zinc concentrations in the vegetated soils behaved in the opposite way to 
chromium and copper. The sites with tree vegetation (B2v, B3v and M2Av) had more 
pseudototal Ni, Pb and Zn than the untreated sites, with most of these metals still contained in 
their soil residual fraction as the vegetated soils had a higher clay percentage (Table 2.2, Figure 
2.2). Clay minerals could have been leached faster in B1 and M1 as they are more exposed to 
natural weathering conditions than the vegetated soils. In fact, the subsuperficial mine tailing 
horizon (M2Bv), protected by vegetation cover for 21 years, had a higher clay percentage than 
M1 (Table 2.2). 
Regardless of the higher Ni, Pb and Zn concentrations in vegetated soils, these metals 
were mostly in the non-mobile fractions (Figure 2.2), which indicates that planting trees on 
mine soil could have prevented the leaching of heavy metals into the surrounding areas. The 
results showed that Ni, Pb and Zn are not as readily mobilizable as Cr and Cu in the vegetated 
soils. This must be explained by the chemical bond of these heavy metals and the different soil 
fractions, because there was no correlation with soil pH, clay percentage or carbonate 
concentration. 
1.4.3. Effect of waste amendments 
Amending with wastes decreased the pseudototal Cr concentration in the mine soils, even 
to values below the GRL for Galicia in the mine tailing area (Table 2.3). Although the amended 
sites were still polluted by copper, a marked decrease in its concentration was observed in the 
mine tailing soil (M3w). However, the amended settling pond site (B4Aw) had a higher Cu 
concentration than its control (Table 2.3). Copper extracted from amended soil samples is 
attributable to the added wastes, since it has previously been reported that the sewage sludges 
and paper mill residues used contain more than 100 mg kg
−1
 of total Cu (Camps Arbestain et al., 
2008). The results indicate that heavy metal concentrations in the wastes used could vary 
between batches, due to the heterogeneity caused by different production times. In despite of the 
high pseudototal Cu concentration in amended soils, this heavy metal was strongly retained and 
not available in the short term in amended sites, since the highest Cu percentage was organically 
bound, and very low concentrations were observed in the mobile fractions and CaCl2-
extractable form (Table 2.3, Figure 2.2). 
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Pseudototal Ni, Pb and Zn concentrations were also higher in the soils treated with wastes 
than in the controls (Table 2.3). The amended soils had Pb and Zn concentrations that were 
higher than the soil pollution limits for Galicia (Table 2.3), and high Zn concentrations in F3 
(carbonate bound and specifically sorbed) (Figure 2.2). It could be possible that the high 
percentage of Zn was associated with dissolved organic carbon (DOC) in the amended soils, 
since B4Aw and M3w had high concentrations of this form of C, and a significantly positive 
correlation was obtained between the MF for Zn and DOC in both mine areas (P < 0.01, r = 
0.96). Inner sphere sorption complexes (specifically sorption) have been observed as 
quantitatively important species in soils polluted by Zn (Roberts et al., 2002). 
1.4.4. Effect of tree vegetation together with waste amendments 
The use of both treatments at the same time (tree vegetation and waste amendments) 
decreased Cr and Cu concentrations in the mine soils more than the use of a single treatment 
(Table 2.3). Soil with both treatments (M4vw) had lower Cr and Cu concentrations in the non-
mobile fractions than both the untreated mine tailing (M1) and the tailing only treated by 
amending (M3w) (Figure 2.2). Chromium and copper added by the wastes that were used could 
have been released from non-mobile soil fractions by root activity, and then taken up by plants, 
since M4vw had concentrations in F1+ F2 + F3 that were even lower than M3w (Figure 2.2). 
Pseudo-total Ni, Pb and Zn concentrations also increased with the use of both treatments, 
especially nickel, as they were in higher concentration than in M3w, even exceeding the GRL 
for Galicia (Table 2.3). It was clearly shown that Ni, Pb and Zn were added by the wastes used. 
1.5. Conclusions 
Soils in the untreated settling pond and mine tailing sites were polluted by Cr and Cu. 
Although this pollution should not be an environmental problem at the present time because the 
bioavailable concentrations were below the threshold pollution limit, it is important to observe 
the effect of the reclamation strategies used in order to prevent the future bioavailability of Cr 
and Cu. Planting trees and amending with wastes decreased the pseudo-total Cr and Cu 
concentrations in soils of both mine areas. The chemical fractionation of these heavy metals 
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seemed to indicate that root activity could have released them from the non-mobile soil 
fractions, and after that they could have been lost by leaching. Copper could also have been 
taken up by plants over time. In the amended sites, Cr and Cu came from the wastes used, but 
these heavy metals were in lower concentrations than in the untreated mine soils. On the other 
hand, pseudo-total Ni, Pb and Zn concentrations increased by vegetating or amending. 
Nevertheless, vegetating with trees helped to retain these heavy metals in the non-mobile soil 
fractions, preventing them from being leached to surrounding areas, as the vegetation cover also 
prevented the leaching of the clay-size fraction. The Ni, Pb and Zn contents in the amended 
soils came from the added wastes. There was a high Zn concentration in the F3 of amended 
soils, probably associated with dissolved organic C. The use of both treatments at the same time 
decreased Cr and Cu concentrations in the mine soils more than the use of a single treatment. 
However, Ni, Pb and Zn concentrations also increased in soil with both treatments due to the 
wastes used. 
The results suggest that the percentage of clay fraction and the concentrations of SOC and 
DOC have influenced the chemical fractionation of heavy metals more than soil pH or CECe. 
The data obtained also show that vegetating with eucalyptus or pine trees, amending with 
sewage sludge and paper mill residues, as well as a combination of both treatments, attenuates 
pollution by heavy metals in soils. We suggest caution when adding organic wastes, as they can 
lead to increase concentrations of Ni, Pb and Zn and their phytoavailable form. We especially 
recommend soil monitoring over time when these types of waste are re-applied, due to the 
accumulative concentrations of heavy metals. 
  
Effects of tree vegetation and waste amendments on the fractionation of Cr, Cu, Ni, Pb and Zn in polluted mine soils 
141 
  
 
 
CHAPTER 2 
142 
 
 
 
Changes in the distribution of soil organic carbon in mine reclaimed mine soils 
143 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3. Changes in the distribution of soil organic 
carbon in mine reclaimed mine soils 
  
 
 
CHAPTER 3 
144 
  
 
 
Changes in the distribution of soil organic carbon in mine reclaimed mine soils 
145 
Submitted to Chemosphere 
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Abstract 
Mine soils are notable for their low organic matter content. Soils in the depleted copper 
mine in Touro (Galicia, Spain) were planted with trees (eucalyptuses and pines) and amended 
with wastes (sewage sludge and paper mill residues) to increase their carbon concentration. The 
two different zones at the mine (settling pond and mine tailing) and their respective treated areas 
were sampled and analysed with the aim of evaluating in depth the effect of the reclamation 
treatments on both the concentration and quality of soil organic matter under field conditions. 
The results showed that the two treatments increased the organic C in the mine soils, but that 
only the soil amended with wastes reached the usual values of undisturbed soils. Amending with 
wastes was also the only treatment that increased the soil humified organic C concentration to 
proper values and therefore also the microbial biomass C. We recommend the use of organic 
wastes for amending soils poor in organic matter as well as the regular application of this 
treatment, as the nitrogen supply can be more limiting for plant growth than the organic C. 
Keywords: mine soil; organic matter fractionation; waste amendments. 
1.1. Introduction 
Organic matter (OM) is a key attribute of soil quality as it plays a key role in both the 
availability of micronutrients and the attenuation of toxicity by heavy metals (Doran and Parkin, 
1994). This component also affects the physical properties of the soil. In fact, soils with a low 
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OM concentration tend to become hard, compact and cloddy (Stevenson, 1994). Moreover, the 
increase of organic matter in soils, while increasing their fertility, also sequesters C from the 
atmosphere (Lal, 2003; Sperow, 2006). From a chemical perspective, soil OM is non-
homogeneous and unclearly defined. Therefore, the methods used for its analysis are proxies for 
SOM (Weil and Magdoff, 2004). The composition of SOM may be more important than its total 
concentration for promoting plant growth (Janzen et al., 1997). 
One of the most common methods for quantifying SOM is to determine the soil organic 
carbon (SOC). SOM can be chemically classified into four operationally defined forms: 
light/free organic matter, humin, fulvic acid and humic acid. Humified OM or humus 
(comprising humin and fulvic and humic acids) contributes to the fertility of the soil through its 
positive effects on all soil properties (Stevenson and Cole, 1999b). The complex chemical 
structure of humic substances makes them more resistant to decomposition than non-humic 
materials (Gregorich et al., 1994), and the most humified types are humic acids (CHA), followed 
by fulvic acids (CFA) and humin. Non-humified SOC is a transition between fresh residues and 
humified SOC (stable), and it is located in the light fraction or FOM (free organic matter). 
Carbon in FOM is a pool of humus that is considered to be a labile source of soil C and more 
sensitive to changes in soil management practices than the total pool of SOC (Loveland et al., 
2001). 
In addition to the mentioned organic C chemical forms, there is a dissolved fraction, 
known as dissolved organic C (DOC). This is the most mobile and important carbon-source for 
microorganisms, which plays also an important role in the transportation and bioavailability of 
metal and organic pollutants in polluted soils (Zsolnay, 1996; Qualls and Richardson, 2003). 
One of the most important limitations for the development of life in mine zones is the low 
soil organic matter content (OM) (Yang et al., 2003; Asensio et al., 2011). Mining activities 
result in the depletion of soil OM due to an increase in its exposure to oxygen, the dilution of 
carbon through horizon mixing, by erosion losses, and due to reduced primary production 
(Ganjegunte et al., 2009). Several strategies have been developed to increase SOC in former 
mine areas. The strategy of planting vegetation has been used for many years, although in most 
cases the plants require some type of amendment due to the severe conditions of mine soils 
(such as extreme pH or a shortage of nutrients). Waste amendments are currently one of the 
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most popular strategies considering the huge size of mine sites (Tandy et al., 2009; Baker et al., 
2011; Karami et al., 2011) due to their low economic cost and high availability. 
The effect of waste amendments on heavy metal-polluted mine soils, added on their own 
or combined with planted vegetation, have been studied by several authors (Shu et al., 2005; 
Vega et al., 2005; Conesa et al., 2007b; Karami et al., 2011). However, there still is a lack of 
information about the chemical fractionation of OM, under field conditions, in reclaimed mine 
soils with waste amendments combined with tree vegetation. 
The novelty of the present work is therefore the analysis, under field conditions, of the 
influence that waste amendments and tree vegetation, alone and combined, exert in both 
concentration and quality of SOM from heavy metal polluted mine soils. For this purpose, we 
selected soils at different sites in the former copper mine located at Touro (Northwest Spain, 
Figure 3.1). This mine had two different zones where soil is formed: the settling pond and the 
mine tailing. The settling pond was created with wastes from the copper flotation procedure and 
it is currently completely dry. The mine tailing was created with the residual materials from the 
extraction of copper for 14 years (1974-1988). Since 1988, another company extracts material 
for road construction. The former company tried to reclaim soils at Touro by planting pines and 
eucalyptus, but there was almost no survival and growth of those trees. Previous studies have 
shown that mine soils at Touro were very poor in organic matter and nutrients as well as 
polluted by heavy metals and structurally degraded (Vega et al., 2005; Fandiño et al., 2010; 
Asensio et al., 2011). In order to solve these problems, the company “Tratamientos Ecológicos 
del Noroeste” (T.E.N.) has combined planting pines or eucalyptus with waste amending (mainly 
sewage sludges and paper mill residues). Several studies with reclaimed mine soils have 
indicated that vegetation plays a dominant role in SOC accumulation (Akala and Lal, 2001; 
Fettweis et al., 2005; Ganjegunte et al., 2009). On the other hand, both sewage sludge and paper 
mill residues can add high concentrations of humified OM to soils (Senesi et al., 1996; 
Bipfubusa et al., 2008). 
We hypothesized that planting trees and amending with sludges or residues increase both 
the concentration and the quality of organic matter in mine soils, specially the combination of 
both treatments. For this reason, the different fractions of the soil carbon where determined in 
soil samples from selected sites at the mine in Touro. 
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1.2. Materials and methods 
1.2.1. Description of the study area and soil sampling  
The mine is located in Touro (Galicia, Northwest Spain) (Lat/Lon (Datum ETRS89): 8º 
20' 12.06'' W 42º 52' 46.18'' N) (Figure 3.1). The climate is Atlantic (oceanic), precipitation 
reaches 1886 mm / year (the average per month is 157 mm) and the mean daily temperature is 
12.6ºC. The average of relative humidity is 77% (AEMET, 2013). 
Two soil zones at the mine were sampled: the settling pond (B) and the mine tailing (M). 
In order to evaluate the effect of each treatment (tree vegetation and waste amendments), sites 
with each different treatment were selected in each mine zone (Figure 3.1, Table 3.1). 
The soil samples are described in detail in (Asensio et al., 2013b). Briefly, four sites were 
sampled in the settling pond: i) B1 as a control sample (without treatment), ii) B2v was 
vegetated with pines (Pinus pinaster Aiton) 21 years ago, iii) B3v was vegetated with 
eucalyptuses (Eucalyptus globulus Labill) 6 years ago and iv) B4w was amended with sewage 
and paper mill residues 5 months before sampling. The two soil horizons of B4w were sampled 
Table 3.1. Location, horizon depth and treatment of the sampled soil sites. 
Zone Site Horizon Depth (cm) Treatment Time of treatment 
Settling pond 
B1 AC 40 None (control) ─ 
B2v AC 20 Tree vegetation 21 years 
B3v AC 20 Tree vegetation 6 years 
B4Aw AC 20 
Waste amendment 5 months 
B4Bw C 40 
Mine tailing 
M1 AC 20 None (control) ─ 
M2Av AC 4 
Tree vegetation 21 years 
M2Bv C 20 
M3w AC 300 Waste amendment 6 months 
M4vw AC 70 Trees + Wastes 10 years 
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(B4Aw and B4Bw). Four sites were also sampled at the mine tailing: i) M1 as a control sample, 
ii) M2v was vegetated with pines 21 years ago, iii) M3w was amended with the same type of 
wastes than B4w 6 months before sampling and iv) M4vw was both vegetated with eucalyptus 
and amended with the wastes 10 years ago. The two soil horizons in M2v were sampled (M2Av 
and M2Bv). The wastes used as amendments have pH 8-10, total organic C higher than 150 g 
kg
-1
, total Cu higher than 100 mg kg
-1
, and total Zn higher than 300 mg kg
-1
 (Camps Arbestain 
et al., 2008). On 9
th
 March 2010, five soil samples were randomly collected from areas spaced 
sufficiently far apart to be representative of each site. The samples were stored in polyethylene 
bags, dried at room temperature and sieved to < 2 mm before being analysed. A single horizon 
of all soils was sampled, except from M2 and B4, as previously explained. 
 
Figure 3.1. Location of sampled areas in Touro mine. Source: ©Instituto Geográfico Nacional 
de España. 
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1.2.2. General characterization of soils 
Standard procedures were used to determine soil stoniness (Eriksson and Holmgren, 
1996), particle size distribution (Kroetsch and Wang, 2008) and bulk density (Hao et al., 2008). 
They the soil characteristics most commonly related to carbon contents were also determined 
(Table 3.2). Soil reaction was determined with a pH electrode in 1:2.5 water to soil extracts. 
Electrical conductivity (EC) was determined according to (Porta, 1986). Exchangeable cations 
were extracted with 0.1M BaCl2 (Hendershot and Duquette, 1986) and their concentrations were 
determined by ICP-OES (Perkin-Elmer Optima 4300 DV, USA) and used to calculate the 
effective cation exchange capacity (CECe). Total Kjeldahl-nitrogen (TN) was extracted 
according to (Bremner, 1996). An aliquot of each extract was analysed by potentiometric 
titration with titration equipment (Metrohm SM 702 Titrino, Switzerland). The method 
developed by (Mehra and Jackson, 1960) was used to determine the free oxide content, and the 
Fe, Al and Mn concentrations were determined by ICP-OES. 
1.2.3. Soil carbon concentrations 
Both total and inorganic carbon (TC and IC) were determined in a module for solid 
analysis (SSM-5000) coupled with a TOC analyser (Shimadzu TNM-1, Japan). Soil organic 
carbon (SOC) contents were calculated from the difference TC─IC. Dissolved organic carbon 
(DOC) was extracted with bidistilled H2O according to (Sanchez-Monedero et al., 1996). 
The different chemical organic matter fractions were separated following the method 
described in (De Blas et al., 2010). A simplified scheme of the fractionation procedure is shown 
in Figure 3.2. Briefly, the free organic matter (FOM) was removed from the soil samples by 
flotation in 2M H3PO4, centrifugation and filtration of the supernatant. Filters with FOM were 
air dried and then weighed prior to analysing their carbon concentration in a solid module 
coupled with a TOC analyser. The supernatant obtained after FOM extraction (soluble extract I) 
consisted of a phosphoric acid removed FA fraction (FAP), which is not the FA fraction isolated 
through alkaline extraction of the soil. The residue after FOM extraction (residue I) was 
subjected to two successive extractions with 0.1M Na4P2O7 prior to extracting CHA (humic acid 
carbon) and CFA (fulvic acid carbon), as NaOH can strongly react with soil and consequently 
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modify the results. After extractions with Na4P2O7, successive extractions with 0.1M NaOH 
(x4-5 times) were carried out until the supernatant was transparent, indicating that all of the 
organic C should have been extracted. 
 
Figure 3.2. General scheme of the carbon fractionation method used. 
Supernatants from Na4P2O7 and NaOH extractions from each soil sample were stored 
together as a homogeneous sample (soluble extract II). Supernatants were stored at 4ºC between 
extractions until the final analysis. TOC in the final sample was the extractable C (Cext) and was 
determined with a TOC analyser. Part of this combined sample was saved and H2SO4 was added 
to allow the humic acids to precipitate. The supernatant after this precipitation was analysed in 
the TOC equipment to determine CFA. The difference between Cext and CFA is the CHA. The 
residue after the last extraction with NaOH (residue II) corresponds to the humin fraction, which 
was dried and ground. Its organic C was determined in a solid module coupled with a TOC 
analyser. The humification ratio, humification index (Senesi, 1989) and the polymerization 
degree (Bustamante et al., 2008) were calculated as follows: 
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(1)  
(2)  
(3)  
These indices were calculated in order to evaluate the structural stability of the SOC, as 
the higher the humification degree the higher the C stability and, therefore, the lesser the soil 
degradation (Paul and Collins, 1998). 
1.2.4. Microbial biomass carbon 
Microbial biomass carbon (Cmic) was determined by the fumigation-extraction method 
according to (Vance et al., 1987a). Organic C in the fumigated and non-fumigated extracts was 
determined in a TOC analyser. The microbial biomass C was calculated according to the 
equation 4: 
(4)  
Where EC is the difference between organic C extracted from fumigated soils and organic 
C extracted from non-fumigated soils and kEC is a constant. For soils with pH > 4.5, kEC is 0.45 
and when pH < 4.5, kEC = 0.30 (Vance et al., 1987b; Joergensen, 1996). 
1.2.5. Statistical analyses 
All analytical determinations were performed in triplicate, and the obtained data were 
statistically treated using the program SPSS 15.0 for Windows. Statistical analyses were 
performed by separating the data from the settling pond soils from the mine tailing, as each zone 
had its own control soil. Analyses of variance (ANOVAs) and test of homogeneity of variance 
were carried out. In case of homogeneity, a post-hoc least significant difference (LSD) test was 
carried out; otherwise Dunnett’s T3 test was performed. The Mann-Whitney test was carried out 
when the data were not parametric. An independent t-test was carried out to compare each 
EC
C
mic
k
E
 C
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control soil (B1 or M1) with their respective analogues (B4Bw or M2Bv). A correlated bivariate 
analysis was carried out, as well as a principal component analysis (PCA) with data from all of 
the soil samples in each zone. 
1.3. Results 
1.3.1. Physico-chemical characteristics of soils 
The physico-chemical characteristics of the mine soils in the treated sites (vegetated 
and/or amended) were significantly different from those of the control sites (Table 3.2). The soil 
clay percentage was higher in the treated than untreated soils. Bulk density in the settling pond 
soils significantly decreased with both treatments, only decreasing in the mine tailing when the 
waste amendment was applied. The soils from the control sites had an extremely acid pH (Table 
3.2). The addition of waste amendments to the mine sites raised the soil pH to 6─8, whereas the 
plantation of trees only increased it to 4.8─6.6. The effective cation exchange capacity (CECe) 
significantly increased in the settling pond after amending with wastes, and after both 
treatments in the mine tailing. The concentrations of aluminium oxides and manganese oxides 
are higher in the treated soils than in the controls, whereas the opposite happens with iron oxide 
concentrations. The soil total nitrogen concentration as well as microbial biomass carbon 
significantly increased with the use of both treatments, especially with waste amending. 
1.3.2. Soil total and inorganic carbon (TC and IC) 
All of the treated soils had significantly higher TC concentrations than their respective 
controls (Table 3.3). The treatment that increased the TC concentration the most was the 
amendment with wastes. The inorganic carbon concentration did not significantly change in 
vegetated soils with respect to the controls (Table 3.3), but increased 10–100 times in the 
amended sites B4Aw (settling pond soil amended for 6 months) and M4vw (mine tailing soil 
vegetated + amended for 10 years). The recently amended site in the mine tailing (M3w) had a 
similar IC concentration to the untreated soil (M1). 
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Table 3.2. Characteristics of the soil samples. 
Parameter 
 Settling pond soils 
 B1 B2v B3v B4Aw B4Bw 
Stoniness (%)  20.1±5.7d 34.9±8.2b 30.9±7.2c 81.2±11.2a 11.3±1.9e 
Sand (%)  69.3±13.5b 69.1±0.7c 65.1±17.5d 45.8±10.9e 71.1±17.1a 
Silt (%)  21.1±0.1c 19.9±0.5d 24.6±2.2b 27.9±1.9a 19.7±2.2e 
Clay (%)  9.5±1.5d 11.1±0.3b 10.3±2.5c 26.1±6.1a 9.2±3.1e 
Texture  Sandy loam Sandy loam Sandy loam 
Sandy clay 
loam 
Sandy loam 
Bulk density  
(g cm
-3
) 
 1.7±0.1a 0.8±0.07c 1.5±0.02b 0.3±0.1e 0.7±0.07d 
pH H2O  3.8±0.04d 4.8±0.05b 4.7±0.03b 6.9±0.3a 4.3±0.3c 
CECe (cmol kg
-1
)  2.1±0.2b 2.5±0.1b 2.4±0.1b 58.4±7.3a 2.2±0.4b 
Al2O3 (g kg
-1
)  2.5±0.3d 7.4±0.3b 5.1±0.1c 15.1±0.7a 2.4±0.1d 
Fe2O3 (g kg
-1
)  88.3±10.4a 38.9±1.6b 28.6±0.3c 23.1±0.2d 27.9±1.2c 
MnO (g kg
-1
)  0.02±<0.01c 0.6±0.03b 0.8±0.1a 0.8±0.03a 0.06±<0.01c 
TN (g kg
-1
)  0.14±0.03d 0.58±<0.06b 0.58±0.04b 3.71±<0.73a 0.32±<0.06c 
C/N  11.9c 18.4b 11.3d 115a 1.8e 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row of each mine area differ significantly with P < 0.05.  u.l.: undetectable level. 
CECe: effective cation exchange capacity; Al2O3: Al oxides; Fe2O3: Fe oxides; MnO: Mn 
oxides; TN: total nitrogen. Soils description is shown in Table 3.1. 
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Table 3.2. (cont.) Characteristics of the soil samples. 
Parameter 
 Mine tailing samples 
 M1 M2Av M2Bv M3w M4vw 
Stoniness (%)  53.1±8.7b 22.9±6.4e 41.1±3.5d 56.2±6.9a 46.8±7.7c 
Sand (%)  69.1±30.4a 51.1±4.7e 59.3±6.1d 66.2±23.8b 60.8±2.9c 
Silt (%)  20.1±4.9e 32.2±6.2a 25.4±9.1c 23.5±4.5d 26.1±1.9b 
Clay (%)  10.9±3.9d 16.7±1.4a 15.3±1.7b 10.3±1.9e 13.1±0.9c 
Texture  Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam 
Bulk density  
(g cm
-3
) 
 1.1±0.05b 1.9±0.03a 1.9±0.02a 0.9±0.05c 0.8±0.1d 
pH H2O  3.6±0.05e 6.6±0.4b 5.2±0.4d 5.8±0.1c 8.2±0.1a 
CECe (cmol kg
-1
)  3.8±0.2e 12.0±1.1c 9.4±1.2d 20.8±2.6b 26.7±1.8a 
Al2O3 (g kg
-1
)  3.2±0.2e 11.6±0.5b 4.7±0.2d 15.5±0.2a 7.8±0.4c 
Fe2O3 (g kg
-1
)  132±6a 74.8±2.4c 111±2b 22.1±0.4d 7.4±0.3e 
MnO (g kg
-1
)  0.02±<0.01e 1.8±0.03b 0.5±0.2d 1.2±0.1c 4.5±0.2a 
TN (g kg
-1
)  0.25±0.04d 0.74±0.28b 0.28±0.04d 3.7±0.34a 0.6±0.28c 
C/N  3.5e 35.3c 6.9d 56.6b 88.3a 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row of each mine area differ significantly with P < 0.05.  u.l.: undetectable level. 
CECe: effective cation exchange capacity; Al2O3: Al oxides; Fe2O3: Fe oxides; MnO: Mn 
oxides; TN: total nitrogen. Soils description is shown in Table 3.1. 
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Table 3.3. Carbon concentrations and respiration in soil samples. 
Parameter 
Settling pond soils 
Ref. 
soils 
B1 B2v B3v B4Aw B4Bw 
TC (g kg
-1
) 1.7±0.9e 10.7±1.2c 11.4±1.3b 115±10a 1.8±0.8d — 
SOC (g kg
-1
) 1.4d 10.4b 11.1b 112a 1.5c 92–126 
IC (g kg
-1
) 0.3±1.3b 0.3±0.01b 0.3±0.05b 3.7±1.9a 0.3±<0.01b — 
DOC (g kg
-1
) 0.01±0.007d 0.09±0.01bc 0.1±0.03b 1.2±0.2a 0.03±0.01cd — 
FOM (g kg
-1
) 16.8±4.2ab 10.1±2.3c 15.2±3.3b 21.5±3.0a 20.8±3.6a 13–27 
FAP (g kg
-1
) 2.2±<0.01c 7.9±1.0b 7.6±0.7b 24.2±1.8a 3.1±0.5c 10–13 
Humification 
ratio (%) 
9.7±1.0d 31.8±0.3b 27.1±0.9c 70.3±1.2a 5.7±0.8e 26–71 
Humification 
index (%) 
7.3±1.0d 15.9±0.3b 12.4±0.9c 31.7±1.2a 4.5±0.8e 20–41 
Polymerisation 
rate 
0.7±0.1c 0.9±0.1b 1.1±0.2a 0.3±0.02d 0 0.9–2.7 
Cmic (mg kg
-1
) 8.8±11.6e 181±57b 130±26c 247±38a 19.1±10d — 
Respiration 
(mg C m
2
 s
-1
) 
0.03±0.01c 0.04±0.01b 0.04±0.02b 0.06±<0.01a 0.06±<0.01a — 
Cmic/SOC (%) 0.62d 1.73a 1.18b 0.22d 1.26b — 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row of each mine zone differ significantly with P < 0.05. u.l.: undetectable level. 
TC: total C; IC: inorganic C; SOC: total soil organic C; DOC: dissolved organic C; FOM: 
carbon in the free organic matter per kg soil; FAP: carbon in fulvic acids removed with 
phosphoric acid; Cmic: microbial biomass C. Soils description is shown in Table 3.1. The data of 
the reference soils are from (de Blas et al., 2010). 
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Table 3.3. (cont.) Carbon concentrations and respiration in soil samples. 
Parameter 
Mine tailing soils 
Reference 
soils 
M1 M2Av M2Bv M3w M4vw 
TC (g kg
-1
) 3.5±1.0e 35.3±1.5c 6.9±1.2d 56.6±3.0b 88.3±6.1a — 
SOC (g kg
-1
) 3.2c 35.1a 6.6b 56.3a 54.8a 92–126 
IC (g kg
-1
) 0.3±0.01b 0.3±0.5b 0.3±<0.01b 0.3±0.01b 33.5±2.7a — 
DOC (g kg
-1
) u.l. u.l. 0.02±<0.01c 1.2±0.04a 0.3±0.1b — 
FOM (g kg
-1
) 13.6±2.5c 21.6±0.8b 11.5±0.5c 15.7±2.2c 71.1±14.3a 13–27 
FAP (g kg
-1
) 1.7±0.3d 15.8±1.4c 3.4±0.5d 27.8±2.0b 35.0±5.0a 10–13 
Humification 
ratio (%) 
26.1±0.5d 45.1±1.6b 31.5±1.6c 54.1±2.0a 29.9±0.3c 26–71 
Humification 
index (%) 
7.1±0.5d 18.8±1.6b 13.3±1.6c 37.1±2.0a 4.9±0.3e 20–41 
Polymerisation 
rate 
0 0.9±0.1a 0.4±0.1d 0.6±0.05b 0.5±0.02c 0.9–2.7 
Cmic (mg kg
-1
) 7.6±1.4e 64.2±23.3b 12.5±2.4d 669±155a 53.1±2.2c — 
Respiration 
(mg C m
2
 s
-1
) 
0.02±0.01d 0.10±0.03c 0.10±c 0.25±0.04a 0.14±0.01b — 
Cmic/SOC (%) 0.23b 0.18c 0.19c 1.19a 0.10d — 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row of each mine zone differ significantly with P < 0.05. u.l.: undetectable level. 
TC: total C; IC: inorganic C; SOC: total soil organic C; DOC: dissolved organic C; FOM: 
carbon in the free organic matter per kg soil; FAP: carbon in fulvic acids removed with 
phosphoric acid; Cmic: microbial biomass C. Soils description is shown in Table 3.1. The data of 
the reference soils are from (de Blas et al., 2010). 
  
CHAPTER 3 
158 
1.3.3. Dissolved organic carbon (DOC) 
As well as TC, the dissolved organic C concentration significantly increased after 
applying both types of treatments, especially a few months after amending with wastes (Table 
3.3). 
1.3.4. Concentration and distribution of soil organic carbon (SOC) 
The organic carbon concentration in the control mine soils was lower than 4 mg kg-1 and 
was significantly higher after reclamation treatments (50-100 mg kg
-1
 after amending with 
wastes and 10 mg kg
-1
 after vegetating with trees) (Table 3.3). 
The concentration of SOC (determined by adding all of the organic matter fractions 
together: FOM + FAP + humin + fulvic acids + humic acids) in the untreated sites was 21g kg
-1
, 
significantly less than in the treated soils. The highest total SOC concentrations were in the 
amended soils (more than 95 g kg
-1
).  
The distribution of SOC concentrations among the organic matter fractions revealed that 
most of the SOC was in the FOM in both the control and the vegetated sites. In the non-
vegetated (but amended) sites it was in the humin (B4Aw soil) or FAP (M3w soil). In fact, these 
two recently amended soils had the highest humification ratio and humification index (Table 
3.3). On the contrary, the vegetated soils proved to have twice the polymerization rate (CHA/CFA) 
than the amended soils (Table 3.3).  
The free organic matter (FOM) concentration only increased significantly after applying 
both treatments (vegetation and amending) (Table 3.3). The soils with only one treatment had 
the same amount of FOM than their respectively control, except for the shallow topsoil at the 
vegetated mine tailing site (Table 3.3). 
All if the treated soils had significantly higher organic C concentrations in the phosphoric 
fulvic acids (FAP) than their controls (Table 3.3). The soils in amended sites had the highest 
FAP concentrations. 
The concentration of SOC associated with the humified fractions (humin + fulvic acids + 
humic acids) was lower than 6 g kg
-1
 in the control soils, and significantly increased after the 
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application of treatments, especially waste amending (Figure 3.3). Most of the humified SOC 
was in the humin fraction in all of the treated soils (with the exception of M3w), with a higher 
concentration in the humic acids than in the fulvic acids (Figure 3.3). The SOC in the three 
humified fractions from the vegetated soils (B2v, B3v and M2v) showed a similar pattern 
distribution. The distribution is different among recently amended soils (B4Aw and M3w) and 
the soil with both treatments (M4vw). In fact, the distribution of humified C concentrations in 
M4vw is more similar to the control (M1) than to the treated one (M3w) (Figure 3.3). 
 
Figure 3.3. Distribution of total organic carbon (TOC) in the humified organic matter fractions 
(humin, humic and fulvic acids) of the soil samples. The values represent the mean of three 
replicates ± 95% confidence interval (CI). The ref. max. and min. (reference minimum and 
maximum) are undisturbed soils similar to the located at the surrounding of the samples mine 
area (De Blas et al., 2010). 
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1.4. Discussion 
1.4.1. Soil carbon distribution in the untreated mine soils 
The control sites (B1 and M1) were poor in both soil organic and inorganic carbon (SOC 
and IC), since they had no carbon sources (i.e. vegetation, animals, microorganisms or organic 
amendments). The SOC concentration was extremely low in both B1 and M1 in comparison to 
undisturbed sites with similar conditions (formed over schist and vegetated with pines and 
eucalyptus) in the surrounding area (Table 3.3). In the control soils, most of the SOC was still in 
the free organic matter (FOM) fraction, and therefore was non-humified (Table 3.3). Moreover 
the microbial biomass C (Cmic) was very low in comparison with microbially active soils (1-4%) 
(Anderson and Domsch, 1990; Sparling, 1992; Kandeler et al., 1996), showing that the organic 
matter in the untreated sites has not been biologically degraded. 
1.4.2. Soil carbon distribution after tree planting 
Planting trees significantly increased the total C concentration, even 6 years after starting 
this reclamation treatment (Table 3.3). The inorganic C concentrations in the vegetated soils did 
not change significantly in comparison to control soils, and the increase in soil C was due to the 
organic C inputs. Most of the SOC in the vegetated sites was still in the FOM, although the 
results show that there was a slow humification of the SOM fraction (Table 3.3, Figure 3.3). A 
possible explanation is that due to the feedback between organic C inputs from plant debris and 
microbial biomass, the vegetated sites had a higher Cmic than the controls, as well as a higher 
humification ratio (Table 3.3). Although the SOC in each SOM fraction from vegetated soils 
was still below the common values in undisturbed soils (Table 3.3), the slight increase with 
respect to the untreated soils could probably promote the development of microbial biomass 
(significantly positive correlation SOC–Cmic, P < 0.01). The dissolved organic C (DOC) 
concentration significantly increased with tree vegetation age due to the decomposition of 
vegetation debris, as previously shown in (Wershaw et al., 1996). 
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1.4.3. Soil carbon distribution after waste amending 
Both the organic and inorganic C concentration significantly increased in the mine soils 
after being amended with wastes (Table 3.3). The carbon concentration shifted between the 
amended sites due to the heterogeneity of the wastes used. In fact, the organic C concentration 
was only within the range observed in undisturbed soils in the surroundings in one of the two 
amended sites (Table 3.3). Therefore, if it is necessary to add organic C to soils, it is necessary 
to analyse the wastes for C prior to their use as amendments, in order to achieve the optimal 
concentration for soils. It is also important to know the C concentration in the different SOM 
fractions in order to determine the quality of the added organic matter. In the studied soils, 
waste amendments significantly increased the organic C in each OM fraction of the mine soils 
(Table 3.3, Figure 3.3). Moreover, most of the added OC was in the humified form and the 
concentrations in the humified fractions were within the usual values in undisturbed soils (De 
Blas et al., 2010) , meaning that the humification ratio and index were also within these values 
(Table 3.3). The increase in SOC due to waste amending was an important factor in attenuating 
the high bulk density of the mine soils, confirmed by the significantly negative correlation 
between SOC - bulk density (P < 0.05). The increase also favours the soil microbial 
development to a greater extent than in the vegetated soils (Table 3.3). In fact, the recently 
amended soils were the only ones with a Cmic/SOC ratio within the values observed in 
microbially active sites (Anderson and Domsch, 1990; Sparling, 1992; Kandeler et al., 1996). 
Both the DOC and IC concentrations increased more with this treatment than with tree 
vegetation (Table 3.3). The increase in the IC concentration could influence the higher pH, as 
the soil IC includes the solid-phase carbonate minerals as well as the soluble carbonate species, 
which are important in buffering soil systems (Pierzynski et al., 2005a). Furthermore, they are 
very positively correlated (IC-pH, r = 0.9, P < 0.01).  
1.4.4. Soil carbon distribution after the two reclamation treatments 
The organic C concentration did not change (significantly equal) among M3w (after 6 
months of amending with wastes) and M4vw (after 10 years and with tree vegetation at the 
same time (Table 3.3). However, if we focus on the distribution of the proportion of SOC in the 
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soil with both treatments (M4vw), this was more similar to the control (M1) than to M3w (data 
not shown). Most of the SOC in M4vw was in the free OM, and its concentration in the 
humified fractions, while higher than in M1, was again below the usual values in undisturbed 
soils (Figure 3.3). This can be attributed to the low Cmic concentration in M4vw (Table 3.3), 
which decreased the speed of humification even if the pool of labile OM was high. It is likely 
that soil microorganisms began feeding on the organic matter and other nutrients provided by 
fresh wastes, but nitrogen began to be a limiting factor at some time and the development of 
microorganisms decreased. It can be seen that the total N concentration in the soil amended for 
10 years was one quarter of that in the recently amended soil, and its C/N ratio was very high in 
comparison with undisturbed soils, where it is usually 13-17 (De Blas et al., 2010) (Table 3.2). 
The Cmic/SOC ratio was even lower than in the control soil (Table 3.3). 
1.4.5. Principal component analysis (PCA) in the settling pond 
The five types of carbon sequentially extracted from the soil samples were selected in 
order to perform a PCA (Table 3.4). Two principal components were obtained (PC1 and PC2) 
that accounted for 99% of the total variance.  
Table 3.4. The component score coefficients matrix from the PCA for the settling pond and the 
mine tailing. 
Indicators 
 Settling pond  Mine tailing 
 PC1 PC2  PC1 PC2 
FOM  0.23 0.97  0.98 -0.19 
FAP  0.99 0.12  0.86 0.51 
Humin  0.95 0.29  0.99 0.12 
CFA  0.97 0.23  0.07 0.99 
CHA  0.94 0.32  0.04 0.99 
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The soil samples were located in a scatter plot based on the results from both of the 
principal components that were obtained (Figure 3.4). According to their position in the scatter 
plot, all the treated soils significantly changed their carbon concentration in comparison to the 
control (B1), except the subsurface horizon in the recently amended site (B4Aw), probably 
because 6 moths was not enough time to allow for changes in carbon contents. According to the 
component score coefficients matrix (Table 3.4), the soil vegetated for 21 years is better 
described by humin, FAP, CFA and CFA, whereas the soil vegetated for 6 years was not 
influenced by any carbon fraction. The recently amended soil was influenced by all of the 
organic C fractions, whereas the control and its analogue (B4Bw) were only influenced by the 
FOM (Table 3.4). 
 
Figure 3.4. Scatter plot with the two principal components obtained in the PCA (PC1 and PC2) 
referred to both the settling pond and the mine tailing samples. 
1.4.6. Principal component analysis (PCA) in the mine tailing 
The five types of carbon analysed were also selected to perform a PCA for the mine 
tailing samples (Table 3.4). The two principal components obtained accounted for 99% of the 
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total variance. According to the position of the samples in the scatter plot (Figure 3.4), all of the 
treated soils significantly changed their carbon concentration in comparison to the control (M1), 
except the subsurface horizon in the recently amended site (M2Bv). The soil vegetated for 21 
years and the topsoil of the recently amended soil were more influenced by the most humified 
carbon types (CFA and CHA), whereas the soil with both treatments was better described by the 
other fractions (FOM, FAP and humin). The control soil and its analogue were not significantly 
influenced by any carbon fraction (Table 3.4, Figure 3.4). 
1.5. Conclusion 
The untreated sites in the mine in Touro had extremely low soil carbon concentrations 
due to the absence of carbon sources. The reclamation treatments carried out at the mine 
involved replanting with pines and/or eucalyptus and amending with wastes, which significantly 
increased the organic C concentration in the mine soils. Nevertheless, only the waste 
amendment was capable of reaching the SOC concentrations from undisturbed sites. The 
increase of humified organic C was higher in the amended soils than in the vegetated soils, 
which led to a higher positive feedback between the organic C supply and microbial biomass 
development. Therefore, the use of sewage sludge and paper mill residue on degraded soils in 
order to increase both the concentration and the quality of the organic matter is faster than 
planting trees. The regular application of organic wastes in soils is recommended in order to 
maintain the nitrogen levels required for the development of microorganisms involved in the 
humification process. 
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Abstract 
Mine soils are usually very poor in nutrients, especially in phytoavailable form. Soils 
from a depleted copper mine were treated to increase their nutrient concentration and 
phytoavailability by planting trees (Pinus pinaster or Eucalyptus globulus), amending with 
wastes (sewage sludges and paper mill residues) or using both. To evaluate the effect of both 
soil managements on the soil nutrient content in depth and under field conditions, sites were 
sampled within the mine in two different zones (settling pond and mine tailing). The results 
obtained showed that the untreated sites had optimum levels of total N and K for the growth of 
E. globulus and P. pinaster, but not for other plant species, optimum Ca and Mg only for these 
tree species and only in the untreated mine tailing, and phosphorus in undetectable 
concentrations. Planting the tree species in question increased the concentration of Mg in the 
settling pond up to adequate levels only for eucalypts and pines. Nevertheless, amending with 
sewage sludges and paper mill residues increased the phytoavailable concentration of all macro- 
and micronutrients up to adequate levels for most plant species. We recommend amending mine 
soils at regular intervals with wastes rich in nutrients, as they raise them up to adequate levels 
for most plants but are depleted over time. We also suggest the use of wastes with a balanced 
C/N ratio and low Al concentration in the case of soils from metal mines. 
Keywords: Mine soil; Eucalyptus globulus; phytoavailable nutrients; Pinus pinaster; 
waste amendments. 
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1.1. Introduction 
Plant mineral nutrients can be divided into two groups according to the concentration 
required by plants: macronutrients, which are needed in relatively large amounts (N, P, K, Ca, 
Mg and S) and micronutrients, which are needed in small quantities (Cl, B, I, Mn, Zn, Cu, Ni 
and Mo) (Marschner, 1995). Total and phytoavailable concentrations of nutrients vary greatly 
between soils and crops (Hossner, 2008). The organic forms of N and P are large, complex 
molecules that are unavailable to higher plants. Microbial activity breaks these molecules down 
into simple inorganic ions (ammonium, nitrates and nitrites) that can be utilised by vegetation. 
The highest plant growth rates are obtained by combined supply of all inorganic N forms 
(Marschner, 1995). A significant problem for plant development is that the concentration of 
available N and P in soils is usually very small. Phosphorus supply can be even more critical 
than N, since the initial P source comes from rocks and not from microbial activity. The 
solubility of P ions depends greatly on the pH (Troeh and Thompson, 2005c). Phosphate 
solubility at basic pH is higher than basic. As regards the availability of the other 
macronutrients (K, Ca, Mg, P and S), these must be in ionic form in order to be taken up by 
plants (K
+
, Ca
2+
, Mg
2+
, SO3
2-
 and SO4
2-
). Their supply to soils depends on the parent material 
and the addition of amendments. 
Mine soils usually have severe limitations for life to develop, including a lack of nutrients 
(Kramer et al., 2000; Yang et al., 2003; Vega et al., 2005; Asensio et al., 2011). In order to 
increase the nutrient content in mine soils, a huge amount of amendment is usually necessary 
due to the large area of mine sites. For this reason, organic wastes have been widely used as 
amendments in mine reclamation (Pichtel et al., 1994; Pérez-de-Mora et al., 2007; Santibáñez et 
al., 2007; Schwab et al., 2007; Zanuzzi et al., 2009), as they are inexpensive and produced in 
large volumes. Moreover, amendments of biosolids would also provide organic matter and 
slow-release nutrients (Harrison et al., 1995). Numerous studies have already evaluated the 
effect of organic amendments on heavy metal-polluted mine soils (Yang et al., 2003; Vega et 
al., 2004, 2005; Conesa et al., 2007; Lottermoser et al., 2008; Karami et al., 2011), but only a 
few have focused on soil nutrient content (Kramer et al., 2000; Nikolic et al., 2011). More 
information is required on the influence of adding organic wastes to soils on nutrient 
concentration and phytoavailability. Therefore, the aim of this study was to evaluate the effect 
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of organic waste amendments on the nutrient content of two metal-polluted mine soils, with the 
added value of carrying out the study under field conditions and with tree vegetation. To do so, 
the sampling area was selected at the depleted copper mine in Touro (Galicia, Northwest Spain, 
Figure 4.1), as previous studies have shown that the soils in this location are poor in nutrients 
(Vega et al., 2005; Asensio et al., 2011). However, these studies have not analysed the nutrient 
concentration in any detail. Copper was mined at the mine in Touro for 14 years (1973-1988), 
and since then another company has extracted material for road construction. When copper 
mining ended, the soils were only partially reclaimed by planting trees in some locations. The 
development of these trees has been very slow and deficient. In order to promote and support 
the establishment and growth of plants, in 2000 the company “Tratamientos Ecológicos del 
Noroeste” (T.E.N.) began to amend some mine sites with wastes. At the same time, it planted 
Pinus pinaster Aiton and Eucalyptus globulus Labill. The amendments used are made mainly 
sewage sludge and residues from paper mills. The present study focuses on the effect of both 
treatments (tree vegetation and waste amendments) on the concentration and phytoavailability 
of nutrients in two types of mine soils (settling pond and mine tailing). We hypothesize that the 
use of both treatments at the same time is the best way to increase the phytoavailable 
concentration of nutrients in soils. 
1.2. Material and methods 
1.2.1. Description of the study area and soil sampling 
The sampling area is located in a mine in Touro (Galicia, Northwest Spain, Figure 4.1) 
(Lat/Lon (Datum ETRS89): 8º 20' 12.06'' W 42º 52' 46.18'' N). The climate of the experimental 
site is Atlantic (oceanic). Precipitation reaches 1886 mm per year (with an average of 157 mm 
per month) and the mean daily temperature is 12.6ºC. The average of relative humidity is 77% 
(AEMET, 2013). 
Two soil zones at the Touro mine were sampled: the settling pond (B) and the mine 
tailing (M). In order to evaluate the effectiveness of each treatment (tree vegetation and waste 
amendment), four sites were selected in each mine zone (Figure 4.1, Table 4.1). The selected 
soils have already been described in detail (Asensio et al., 2013b). Briefly, the four sites 
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sampled in the settling pond were B1 as the control sample (without treatment), B2v as the soil 
vegetated with pines (Pinus pinaster Aiton) for 21 years, B3v as the soil vegetated with 
eucalyptuses (Eucalyptus globulus Labill) for 6 years, and B4w as the soil amended with 
sewage sludges and paper mill residues for 5 months. All of the soils only had one horizon 
except B4w, where the two horizons were sampled (B4Aw and B4Bw), and the subsurface 
horizon is considered to be the same as the control sample (B1). The four sites sampled in the 
mine tailing were M1 as the control, M2v as the soil vegetated with pines for 21 years, M3w as 
the soil amended with the same type of wastes than B4w for 6 months, and M4vw as the soil 
vegetated with eucalyptus and amended with wastes 10 years ago. The two soil horizons in M2v 
were sampled (M2Av and M2Bv) and the subsurface horizon is considered to be the same as the 
control sample (M1). The wastes used as amendments have a pH of 8-10, total organic C higher 
than 150 g kg
-1
, total Cu higher than 100 mg kg
-1
, and total Zn higher than 300 mg kg
-1
 (Camps 
Arbestain et al., 2008). Five subsamples per soil were randomly collected on 9th March 2010 
from places spaced enough to be representative of each site. The samples were stored in 
polyethylene bags, dried at room temperature, sieved to < 2 mm and stored in the refrigerator 
until analysis. 
Table 4.1. Location and reclamation treatment of soil samples. 
Mine zone Label Horizon (depth) Treatment Time of treatment 
Settling pond 
B1 AC (40cm) None ─ 
B2v AC (20cm) Vegetation 21 years 
B3v AC (20cm) Vegetation 6 years 
B4Aw AC (20cm) Amendment 5 months 
B4Bw C (40cm) None ─ 
Mine tailing 
M1 AC (20cm) None ─ 
M2Av AC (4cm) Vegetation 21 years 
M2Bv C (20cm) None ─ 
M3w AC (3m) Amendment 6 months 
M4vw AC (70cm) Veg. + Amend. 10 years 
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Figure 4.1. Location of sampled sites in Touro mine. Map source: ©Instituto Geográfico 
Nacional de España. 
1.2.2. General characterisation of the soil samples 
Standard procedures were used to determine soil stoniness (Eriksson and Holmgren, 
1996), particle size distribution (Kroetsch and Wang, 2008) and bulk density (Hao et al., 2008). 
The soil characteristics that are most commonly related to nutrient concentration and 
phytoavailability were also determined (Table 4.2). Soil reaction was determined with a pH 
electrode in 1:2.5 water to soil extracts. EC was determined according to (Porta, 1986). 
Exchangeable cations (Ca
2+
, K
+
, Mg
2+
, Na
+
, Al
3+
, Fe
2+
 and Mn
2+
) were extracted with 0.1M 
BaCl2 (Hendershot and Duquette, 1986) and element concentrations were determined by ICP-
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OES (Perkin-Elmer Optima 4300 DV). Effective cation exchange capacity (CECe) was 
calculated with the total cation concentration. Soil organic carbon (SOC) was determined in a 
solid module (SSM-5000) coupled with a TOC analyser (TNM-1, Shimadzu). 
1.2.3. Soil nutrient concentrations 
The phytoavailable concentration of Al, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb and Zn 
was extracted with 0.1M CaCl2 in soil solution, according to (Houba et al., 2000). The chemical 
form of heavy metals extracted with 0.01M CaCl2 is operationally defined as phytoavailable 
(Houba et al., 2000). Total bioavailable phosphorus content was determined by the Olsen 
method (Olsen et al., 1954). Total Kjeldahl-N (TN) was determined according to (Bremner, 
1996). The three inorganic N (IN) fractions, which are NH4
+
-N (ammonium), NO2
-─N (nitrites) 
and NO3
-─N (nitrates), were extracted with 2M KCl and distilled with their respective reagents: 
ammonium with MgO and nitrates + nitrites with Devarda’s alloy (Bremner and Keeney, 1965). 
To determine total and inorganic N contents, an aliquot of each extract was analysed by 
potentiometric titration with titrator equipment (702 SM Titrino, Metrohm). 
1.2.4. Statistical analyses 
All analytical determinations were performed in triplicate, and the data obtained were 
statistically treated using the SPSS 15.0 programme for Windows. Statistical analyses were 
performed by separating the data from the settling pond soils from the mine tailing, as each zone 
has its own control soil. Analyses of variance (ANOVAs) and test of homogeneity of variance 
were carried out. In case of homogeneity, a post-hoc least significant difference (LSD) test was 
carried out. Otherwise Dunnett’s T3 test was performed. The Mann-Whitney test was performed 
when the data were not parametric. An independent t-test was performed to compare each 
control soil (B1 or M1) with their respective analogue (B4Bw or M2Bv). A correlated bivariate 
analysis was carried out, as well as a principal component analysis (PCA) with data from all soil 
samples in each zone. 
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1.3. Results 
1.3.1. General characteristics of the soil samples 
The physico-chemical characteristics of the mine soils at the vegetated and/or amended 
sites were significantly different (P < 0.05) from those of the untreated site (Table 4.2). The 
percentage of clay fraction was significantly higher in the treated soils, whereas the bulk density 
was lower. The untreated sites showed extremely acid soil pH according to the (USDA, 1998), 
which significantly increased after tree planting and waste amending. Both the effective and 
total cation exchange capacity (CECe and CECt) significantly increased in the settling pond 
after amending with wastes (B4Aw) and after the use of both treatments at the same time in the 
mine tailing (M4vw), which was due to the increase in the concentration of the basic cations 
(percentage of base saturation) and decrease in Al
3+
 (Al saturation). The soil organic carbon 
concentration (SOC) also significantly increased in the mine sites after the application of the 
treatments, especially after waste amending. 
1.3.2. Soil macronutrients concentrations (N, P, K, Ca and Mg) 
The untreated mine soils (B1 and M1) had a very low phytoavailable (CaCl2-extractable) 
concentration of Ca, K and Mg as well as organic and inorganic N (Table 4.3). Moreover, the 
concentration of phosphorus in B1 and M1 was undetectable both by extracting with CaCl2 and 
the Olsen method. Nevertheless, the concentrations of most macronutrients significantly 
increased (P < 0.05) after the reclamation treatments applied to the soils (tree vegetation and 
waste amendments) at both mine zones (settling pond and mine tailing), even in the subsurface 
horizons (B4Bw and M2Bv). 
The total N concentration (TN) increased to around 500 mg kg
-1
 both after planting trees 
(B2v, B3v and M2Av) and also using the two treatments (M4vw); and to around 3500 mg kg
-1
 
after recent waste amendment (B4Aw and M3w). The subsurface horizons (B4Bw and M2Bv) 
also had a significantly higher TN concentration than their respective control sites (B1 and M1). 
Most of the TN in the vegetated soils and the subsurface horizons was inorganic, particularly 
nitrates and nitrites, whereas the majority of the TN in the amended soils (B4Aw, M3w and 
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M4vw) was organic (Table 4.3). Despite this, the amended soils had a higher concentration of 
ammonium, nitrates and nitrites than the vegetated soils. Regarding the C/N ratio, it was lower 
than 5 in B4Bw and M1 and higher than 30 in M2Av, B4Aw and M3w (Table 4.3). 
The concentration of phytoavailable P increased to 30-70 mg kg
-1
 in the mine soils after 
recent waste amendment and 7 mg kg
-1
 after the application of the two treatments, but it was 
still undetectable in the soils vegetated with trees (Table 4.3). The soils where phytoavailable P 
was detected showed a higher concentration of this nutrient by extracting with the Olsen 
method, and also some soils where CaCl2-extractable P was not detected had between 3 and 20 
mg kg
-1
 of Olsen P. 
The potassium in phytoavailable form increased to 230-330 mg kg
-1
 in the mine soils 
after recent waste amendment, and 35-125 mg kg
-1
 after tree planting. The use of the two 
treatments increased phytoavailable K in an intermediate form (150 mg kg
-1
 more than its 
control soil). 
The concentration of phytoavailable Ca in the amended soils was 700-1000 mg kg
-1
 more 
than in their controls. The vegetated sites showed different behaviour depending on the mine 
zone. The vegetated sites at the settling pond had no phytoavailable Ca (as the control), but the 
vegetated at the mine tailing had almost 1000 mg kg
-1
 more than its control. The site with the 
two treatments (M4vw) showed the highest phytoavailable Ca concentration. 
The magnesium concentration in phytoavailable form increased around to 760 mg kg
-1
 
after recent amendment, 22-100 mg kg
-1
 after vegetating with trees and 250 mg kg
-1
 after the use 
of the two treatments. 
1.3.3. Soil micronutrient concentrations (Al, Co, Cu, Fe, Mn, Ni, Pb and Zn) 
The phytoavailable Al concentration was high in the two control soils (B1 and M1), with 
similar values in both (around 180 mg kg
-1
). The concentration significantly decreased in the 
vegetated soil at the mine tailing (30 mg kg
-1
 less than in the control) and especially in the sites 
recently amended and with the two treatments (170 mg kg
-1
 less). However, the vegetated sites 
at the settling pond (B2v and B3v) had an even higher concentration than B1 (more than 200 mg 
kg
-1
). 
Changes in the phytoavailability of nutrients in mine soils after planting trees and amending with wastes 
177 
Table 4.2. Selected characteristics of the soil samples. 
Parameter 
 Settling pond soils 
 B1 B2v B3v B4Aw B4Bw 
Stoniness (%)  20.1±5.7d 34.9±8.2b 30.9±7.2c 81.2±11.2a 11.3±1.9e 
Sand (%)  69.3±13.5b 69.1±0.7c 65.1±17.5d 45.8±10.9e 71.1±17.1a 
Silt (%)  21.1±0.1c 19.9±0.5d 24.6±2.2b 27.9±1.9a 19.7±2.2e 
Clay (%)  9.5±1.5d 11.1±0.3b 10.3±2.5c 26.1±6.1a 9.2±3.1e 
Texture  Sandy loam Sandy loam Sandy loam 
Sandy clay 
loam 
Sandy loam 
Bulk density 
(g cm
-3
) 
 1.7±0.1a 0.8±0.07c 1.5±0.02b 0.3±0.1e 0.7±0.07d 
SOC (g kg
-1
)  1.4d 10.4b 11.1b 112a 1.5c 
pH H2O  3.8±0.04d 4.8±0.05b 4.7±0.03b 6.9±0.3a 4.3±0.3c 
pH KCl  3.64±0.05d 3.79±0.01b 3.84±0.1b 6.66±0.2a 3.76±0.04c 
EC (ms cm
-1
)  0.10±0.04c 0.03±0.01d 0.03±<0.01d 0.40±0.1a 0.11±0.02b 
CECe  2.1±0.2b 2.5±0.1b 2.4±0.1b 58.4±7.3a 2.2±0.4b 
CECt  2.08±0.2b 2.53±0.1b 2.43±0.1b 58.38±7.3a 2.20±0.3b 
Base saturation (%)  16.27±2.4e 40.52±0.9d 24.61±1.5b 100±0a 36.67±7.1c 
Al saturation (%)  83.73±2.5a 59.48±0.2d 75.39±1.5b 0 63.33±7.1c 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row differ significantly with P < 0.05. EC: electrical conductivity; SOC: soil 
organic carbon. Soils description is shown in Table 4.1. 
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Table 4.2 (cont.). Selected characteristics of the soil samples. 
Parameter 
 Mine tailing soils 
 M1 M2Av M2Bv M3w M4vw 
Stoniness (%)  53.1±8.7b 22.9±6.4e 41.1±3.5d 56.2±6.9a 46.8±7.7c 
Sand (%)  69.1±30.4a 51.1±4.7e 59.3±6.1d 66.2±23.8b 60.8±2.9c 
Silt (%)  20.1±4.9e 32.2±6.2a 25.4±9.1c 23.5±4.5d 26.1±1.9b 
Clay (%)  10.9±3.9d 16.7±1.4a 15.3±1.7b 10.3±1.9e 13.1±0.9c 
Texture  Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam 
Bulk density 
(g cm
-3
) 
 1.1±0.05b 1.9±0.03a 1.9±0.02a 0.9±0.05c 0.8±0.1d 
SOC (g kg
-1
)  3.2c 35.1a 6.6b 56.3a 54.8a 
pH H2O  3.6±0.05e 6.6±0.4b 5.2±0.4d 5.8±0.1c 8.2±0.1a 
pH KCl  3.21±0.01e 6.01±0.08b 4.42±0.09d 5.68±0.08c 7.87±0.06a 
EC (ms cm
-1
)  0.15±0.02c 0.12±0.03c 0.15±0.02c 1.95±0.5a 0.22±0.02b 
CECe  3.8±0.2e 12.0±1.1c 9.4±1.2d 20.8±2.6b 26.7±1.8a 
CECt  3.78±0.2e 12.01±1.1c 9.37±1.2d 21.06±2.6b 26.79±1.8a 
Base 
saturation (%) 
 20.86±3.6d 100±0a 93.59±1.5c 98.67±0.1b 99.89±0.01ab 
Al saturation 
(%) 
 79.14±3.6a 0 6.41±1.5b 0 0 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row differ significantly with P < 0.05. EC: electrical conductivity; SOC: soil 
organic carbon. Soils description is shown in Table 4.1. 
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Table 4.3. Nutrient concentrations (mg kg
-1
) in the soil samples. 
Parameter 
 Settling pond soils 
 B1 B2v B3v B4Aw B4Bw 
TN  140±30d 580±60b 580±40b 3710±73a 320±60c 
IN  100±10d 570±30b 560±30b 1650±170a 250±30c 
ON  20c 10d 20c 2060a 70b 
NH4
+
  100±25b 120±25b 110±25b 1500±27a 120±26b 
NO2
-
+NO3
-
  20±2b 340±50ab 450±25a 140±26b 120±26b 
C/N  11.9c 18.4b 11.3d 115a 1.8e 
P (Olsen)
 
 u.l. u.l. u.l. 424±25.8a 18.98±0.8b 
P (CaCl2-ext.)
 
 u.l. u.l. u.l. 68.28±1.38 u.l. 
K (CaCl2-ext.)
 
 21.7±1.61e 91.25±3.85b 64.6±0.65c 333±7.99a 33.5±5.36d 
Ca (CaCl2-ext.)
 
 u.l. u.l. u.l. 704±125a 135±60b 
Mg (CaCl2-ext.)  13.38±0.62e 41.40±1.45c 34.97±0.97d 777±3.97a 60.5±8.74b 
Al (CaCl2-ext.)
 
 171±5.7b 223±10.7a 252±6.8a 0.68±0.3d 170±5.6c 
Cu (CaCl2-ext.)
 
 12.6±0.27a 1.58±0.06c 6.70±0.23b 0.72±0.02d 13.4±0.92a 
Mn (CaCl2-ext.)  2.15±0.05d 22.10±0.65b 61.1±1.42a 4.04±0.13c 3.72±0.94c 
Ni (CaCl2-ext.)  u.l. 0.20±0.03b 0.43±0.03a u.l. u.l. 
Pb (CaCl2-ext.)  u.l. 0.40±0.04b 0.44±0.03a u.l. u.l. 
Zn (CaCl2-ext.)  u.l. 0.19±0.11cd 0.40±0.01c 0.88±0.03b 1.61±0.72a 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row differ significantly with P < 0.05. u.l.: undetectable level. TN: total N, IN: 
inorganic N, ON: organic N, NH4
+
: ammonium, NO2
-
 + NO3
-
: nitrates + nitrites. Soils 
description is shown in Table 4.1. 
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Table 4.3 (cont.). Nutrient concentrations (mg kg
-1
) in the soil samples. 
Parameter 
 Mine tailing samples 
 M1 M2Av M2Bv M3w M4vw 
TN  250±40d 740±280b 280±40d 370±340a 600±280c 
IN  110±60b 550±20a 160±60b 600±70a 150±11b 
ON  140d 190c 120e 3080a 450b 
NH4
+
  40±26b 80±27b 30±25b 391±12a 40±5b 
NO2
-
+NO3
-
  60±27b 460±25a 130±25ab 220±25ab 100±25ab 
C/N  3.5e 35.3c 6.9d 56.6b 88.3a 
P (Olsen)
 
 u.l. 14.1±6.1c 3.7±1.5d 265±16.4a 125±13.9b 
P (CaCl2-ext.)
 
 u.l. u.l. u.l. 29.17±0.12a 7.15±0.20b 
K (CaCl2-ext.)
 
 29.61±0.30e 154±7.41c 59.65±5.00d 230±2.85a 184±9.20b 
Ca (CaCl2-ext.)
 
 159±43.2d 1106±43.9b 761±20.3c 1210±39.1b 1929±91.3a 
Mg (CaCl2-
ext.) 
 53.12±3.1e 158±3.61d 208±6.68c 813±27.18a 300±9.97b 
Al (CaCl2-ext.)
 
 184±11.1a 155±53.4b 81.57±10.0c 6.8±0.4d 0.15±0.2d 
Cu (CaCl2-ext.)
 
 17.2±2.46b 93.12±17.93a 20.98±3.58b 4.31±0.34c u.l. 
Mn (CaCl2-
ext.) 
 1.92±0.01d 56.04±2.14b 40.72±3.75c 208±13.13a 2.59±0.22d 
Ni (CaCl2-ext.)  0.24±0.03d 2.4±0.02a 1.43±0.1c 1.89±0.16b u.l. 
Pb (CaCl2-ext.)  u.l. u.l. u.l. u.l. u.l. 
Zn (CaCl2-ext.)  0.83±0.08d 9.17±0.33b 1.68±0.17c 26.8±0.79a u.l. 
Mean ± confidence interval (CI) of the mean of three replicates. Values followed by different 
letters in each row differ significantly with P < 0.05. u.l.: undetectable level. TN: total N, IN: 
inorganic N, ON: organic N, NH4
+
: ammonium, NO2
-
 + NO3
-
: nitrates + nitrites. Soils 
description is shown in Table 4.1. 
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The concentration of phytoavailable Cu decreased from 12-17 mg kg
-1
 in the two control 
soils to 2-7 mg kg
-1
 in the treated soils, except in the vegetated soil at the mine tailing, where it 
increased to 90 mg kg
-1
. 
The two untreated sites had the lowest phytoavailable concentrations of Mn, Ni, Pb and 
Zn of the soils of their respective mine zone (Table 4.3). The concentration of phytoavailable Ni 
and Pb increased significantly more with the tree vegetation than with the waste amendments, 
whereas the opposite occurred with the Zn concentration. 
1.4. Discussion 
The minimum concentration of each soil nutrient necessary for plant development 
depends on the type of soil function (i.e. agriculture, forestry) and the plant species growing on 
it. The soils of this study are used for forestry or have legume species, and will not be 
agricultural because of their acidic pH and pollution by heavy metals. Forest species do not 
require as high a nutrient concentration as agricultural species, and also the species that have 
been planted in the mine (Pinus pinaster Aiton and Eucalyptus globulus Labill) have low 
requirements of Ca, Mg and P (Brañas et al., 2000). The purpose of the applied treatments (the 
plantation of the mentioned tree species and the addition of waste amendments) in the studied 
mine sites was to reclaim the quality of the soils, which includes correcting the soil nutrient 
concentration. The undisturbed soils located at the region where the studied sites are located 
(Galicia, Figure 4.1) are acid and poor in nutrients except in phosphorus, whose concentration is 
rather high (Temes, 1985; Alvarez et al., 2008). Because of this, the treatments applied to the 
mine soils must increase the concentration of some nutrients, even exceeding the typical values 
of Galician soils. Despite the fact that no linear correlation was found between the concentration 
of nutrients in soils and plants, there are a range of suitable concentrations in soils. 
1.4.1. Effect of the treatments in the mine soil macronutrient concentrations 
The concentrations of soil macronutrients (N, Ca, K, Mg and P) that are optimum for E. 
globulus were established by Madeira and Pereira (1990) in kg nutrient per ha soil. For an easier 
comparison with the data from the present study, the concentrations were calculated for each 
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soil in mg nutrient per kg soil. The average value of all soils for each nutrient is 20 mg kg
-1
 total 
N, 25 mg kg
-1
 P, 8 mg kg
-1
 K, 81 mg kg
-1
 Ca and 28 mg kg
-1
 Mg. As it is known that conifers 
need a lower concentration of nutrients than eucalypts (Fölster and Khanna, 1997), the values 
calculated can be also valid for pines. Regarding the nutrients required by other plant species, 
Marx et al. (1999) established the adequate concentrations as 1000-1500 mg kg
-1
 of total N, 10-
20 mg kg
-1
 of Olsen P, 150-250 mg kg
-1
 of K, 1000-2000 mg kg
-1
 of Ca and 60-180 mg kg
-1
 of 
Mg. Therefore, according to these values, the soil at the untreated settling pond site (B1) had a 
sufficiently high N and K concentration for P. pinaster and E. globulus growth, but an 
insufficient concentration of Ca, Mg and P for these species, and an insufficient concentration of 
all macronutrients for other plants (Table 4.3). The soil reclamation treatment consisting of 
planting these tree species at the B2v and B3v sites significantly increased the concentration of 
CaCl2-extractable Mg up to optimum levels for pines and eucalypts, but not for other plant 
species, or Ca and P for any of them. Nevertheless, the treatment consisting on amending with 
wastes (sewage sludges and paper mill residues) for a short-time (5-6 months) at the B4w 
settling pond site increased all macronutrients up to adequate levels for all plant species except 
Ca, which only increased to optimum levels for pines and eucalypts. The soil at the untreated 
mine tailing site (M1) had an optimum concentration of N, Ca, Mg and K for pines and 
eucalyptus, but insufficient for other plants (Table 4.3). Moreover, M1 had an undetectable 
concentration of available P. Only the amendment with wastes (M3w and M4vw sites) 
increased the concentration of P, Ca, K and Mg up to adequate levels for all plants. However, 
the nitrogen concentration only reached the adequate value in the recently amended site (M3w). 
Moreover, only the recently amended soils at both mine zones (B4Aw and M3w) had 
significantly high concentrations of NH4
+
 and also of organic N, which indicate a future source 
of inorganic N. Other authors have previously reported that the wastes used (sewage sludge and 
paper mill residues) have high nutrient concentrations (Calace et al., 2005; N’Dayegamiye, 
2006; Tripathy et al., 2008). On the other hand, the soil that was amended with wastes but also 
vegetated with eucalypts for 10 years had an inadequate TN concentration and significantly 
lower concentration of NH4
+
 than M3w. This indicates that eucalypts take up ammonium over 
time and that the addition of wastes that are rich in this nutrient is necessary at regular intervals. 
Conifers and eucalypt species have preferential absorption of ammonium (NH4
+
) in relation to 
nitrates (NO3
-
) (Adams et al., 1982). 
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The optimal C/N ratio in the OM is 5-10. Ratios greater than 30 result in immobilization, 
and less than 20 result in mineralization (Zechmeister-Boltenstem and Zechmeister-Boltenstem, 
2007). According to the C/N ratio of the soils, only the subsurface horizon at the vegetated mine 
tailing site (M2Bv) is within the optimum, although the ratio of the untreated and the vegetated 
settling pond sites (B1, B2v, B3v) indicates mineralization of N. However, the mineralization 
process is almost depleted in these soils because the organic N content is low. The C/N of the 
amended soils (B4Aw, M3w and M4vw) and the topsoil of the vegetated at the mine tailing 
(M2Av) indicates the immobilization of N, which means the conversion of IN to ON by 
microorganisms. This is probably due to the limiting effect of the organic C as its concentration 
is not high enough for microorganisms to metabolise the high amount of N in the recently 
amended soils. The differences observed in the nitrogen processes (mineralization, 
immobilization) in the studied soils could be due to differences in soil microorganisms, pH and 
organic carbon concentration. In fact, a highly significantly positively correlation was obtained 
between C/N and soil pH (r > 0.88 in both mine sites, P < 0.01) and organic C (r > 0.93 in both 
mine sites, P < 0.01). 
1.4.2. Effect of the treatments on the mine soil micronutrient concentrations 
The concentrations of soil micronutrients that must be checked because they are usually 
found in a deficient concentration for plants are copper, manganese and zinc. The minimum 
concentration of these nutrients for most plant species to grow properly were defined by Marx et 
al. (1999) as 0.6 mg kg
-1
 of Cu, 1.5 mg kg
-1
 of Mn and 1 mg kg
-1
 of Zn. Due to the possible 
pollution by heavy metals in the studied soils, it was also necessary to check that the 
concentration of Cu, Ni, Pb and Zn was not above the pollution threshold value for soils. The 
threshold values for Galician soils were established by (Macías and Calvo de Anta, 2009) as 50 
mg kg
-1
 of Cu, 75 mg kg
-1
 of Ni, 80 mg kg
-1
 of Pb and 200 mg kg
-1
 of Zn. According to these 
values, the concentrations of phytoavailable Cu were adequate in all soils except in the 
vegetated soil at the mine tailing, as its topsoil had a higher value than the pollution threshold 
limit. This is probably due to the accumulation of Cu in the surface horizon of this soil, as the 
subsurface (M2Bv) had a significantly lower concentration (Table 4.3). 
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The phytoavailable concentration of manganese was adequate in all soils. Nevertheless, it 
is important to observe that the untreated soils had a low concentration and that both 
reclamation treatments significantly increased it. The phytoavailable concentration of Zn was 
only deficient in B1 and M4vw, where it was undetectable. The treatment that most increased 
the phytoavailable Zn concentration was the addition of wastes. The concentration of Ni and Pb 
in phytoavailable form was very low or undetectable in all soils, which indicates that the wastes 
used as amendments (sewage sludges and paper mill residues) did not add hazardous contents of 
these heavy metals to the soil. 
The aluminium concentration in exchangeable or soluble form can affect the soil pH and, 
therefore, plant growth. In fact, the soils B1, B2v, B3v and M1 had an acid pH because of their 
high phytoavailable Al concentration and percentage of Al saturation (Tables 4.2 and 4.3), 
which is supported by the significantly negative correlation between soil pH- CaCl2-extractable 
Al and pH-Al saturation (r < -0.8, P < 0.01 in all cases for both mine zones). The amendment 
with wastes and the plantation of trees at the mine tailing decreased the Al concentration and, as 
a result, increased soil pH. 
1.4.3. Principal component analysis (PCA) for the settling pond soils 
The concentrations of the analysed nutrients were selected in order to perform a PCA for 
the settling pond samples (Table 4.4). The two principal components obtained accounted for 
89% of the total variance. According to the position of the samples in the scatter plot (Figure 
4.2), the nutrient concentration significantly changed in the treated soils in comparison to the 
control (B1), except in the subsurface horizon at the recently amended site (B4Bw), probably 
because 6 months was not long enough for any substantial changes to occur. The scatter plot 
shows that both B1 and B4Bw are not influenced by the concentration of any of the soil 
nutrients. On the contrary, there is positive influence of most nutrients (TN, ON, ammonium, 
Olsen P, phytoavailable Ca, K, Mg and P) in the topsoil of the recently amended soil (B4Aw). 
Moreover, there is a negative correlation with Al concentration. The two vegetated soils (B2v 
and B3v) are positively influenced by the phytoavailable concentrations of Al, Mn, Ni and Pb 
and also nitrates + nitrites, but negatively by Cu. 
Changes in the phytoavailability of nutrients in mine soils after planting trees and amending with wastes 
185 
1.4.4. Principal component analysis (PCA) for the mine tailing soils 
The concentrations of the analysed nutrients were also selected to perform a PCA for the 
mine tailing samples (Table 4.4). The two principal components obtained accounted for 79% of 
the total variance. According to the position of the samples in the scatter plot (Figure 4.2), the 
treated soils significantly changed their nutrient concentration in comparison to the control (B1), 
except the subsurface horizon at the vegetated site (M2Bv). The component score coefficients 
matrix obtained (Table 4.4) shows that B1 and B2Bv are not influenced by any of the nutrient 
contents, as was observed in the settling pond. The surface horizon in the vegetated site (M2Av) 
and the recently amended soil (M3w) are positively influenced by the phytoavailable 
concentration of most nutrients (TN, ON, ammonium, Olsen P, phytoavailable K, Mg, Mn, Ni, 
P and Zn). In addition, M3w is negatively influenced by the phytoavailable concentration of Al 
and Cu. Finally, the soil with the two treatments (M4vw) is also negatively influenced by Al 
and Cu contents, but it is not positively influenced by any nutrient. 
Table 4.4. The component score coefficients matrix from the PCA for the two mine zones. 
Indicators 
Settling pond  Mine tailing 
PC1 PC2  PC1 PC2 
Total N 0.96 0.28  0.92 0.33 
Organic N 0.98 0.15  0.87 0.42 
NH4
+
 0.98 0.17  0.79 0.14 
NO2
- 
+ NO3
-
 -0.32 0.79  0.15 -0.04 
Olsen P 0.99 0.14  0.73 0.67 
Al -0.98 0.19  -0.33 -0.87 
Ca 0.97 0.05  0.16 0.62 
Cu -0.49 -0.76  0.11 -0.85 
K 0.94 0.34  0.70 0.47 
Mg 0.98 0.17  0.84 0.53 
Mn -0.48 0.79  0.97 0.15 
Ni -0.53 0.81  0.72 -.056 
P 0.98 0.17  0.82 0.54 
Pb -0.54 0.81  - - 
Zn 0.32 -0.35  0.99 0.09 
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Figure 4.2. Scatter plot with the two principal components obtained in the PCA (PC1 and PC2) 
referred to both the settling pond and the mine tailing samples. 
2. Conclusions 
The settling pond and the mine tailing soils at the sites without reclamation treatment 
contain optimum levels of total N and K for the growth of Eucalyptus globulus Labill and Pinus 
pinaster Aiton, but not for other plant species. The phytoavailable concentration of Ca and Mg 
was only optimum for eucalypts and pines and only in the mine tailing. Moreover, both the 
phytoavailable and Olsen P was undetectable in either site. The reclamation treatment consisting 
of planting these tree species increased the concentration of Mg in the settling pond up to 
adequate levels for eucalypts and pines, but not for other plants. Nevertheless, the treatment 
consisting of amending with wastes (sewage sludges and paper mill residues) was able to 
increase the phytoavailable concentration of all macro- and micronutrients (N, P, K, Ca, Mg, 
Cu, Mn and Zn) up to adequate levels for most plant species. However, the site amended and 
vegetated for 10 years had a deficient N concentration and lower ammonium concentration that 
the recently amended sites. Because of this, we recommend periodically amending of mine soils 
with wastes rich in nutrients because they raise them to adequate levels for most plants, but are 
depleted over time. We also suggest the use of wastes with a balanced C/N ratio in order to 
avoid the immobilization of N in soils and with a low Al concentration in the case of soils from 
metal mining, as its high concentration promotes acid soil pH.  
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1.1. Introduction 
Mine soils have numerous restrictions affecting their future development into natural 
soils, such as extreme pH, high concentrations of metals and low organic matter (Akala and Lal, 
2001; Krzaklewski and Pietrzykowski, 2002; Barrutia et al., 2011; Asensio et al., 2013). The 
importance of soil microbial communities for successful plant establishment and growth has 
been demonstrated by numerous studies (Ehrenfeld et al., 2005; Kulmatiski et al., 2008). 
However, the extreme soil conditions caused by soil pollution usually have a negative influence 
on soil biological activity (Frouz et al., 2001; Liao and Xie, 2007). Therefore, several strategies 
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have been developed to improve the soil quality of former mine tailing areas in recent years. 
The first strategy involves using different waste amendments in order to complex considerable 
amounts of metals in the polluted sites (Tandy et al., 2009; Baker et al., 2011; Karami et al., 
2011). The second strategy is to establish plants that are adapted to these quite harsh soil 
conditions (Dary et al., 2010; Barrutia et al., 2011). However, little information is available on 
the combined effect of waste amendment and vegetation on soil properties during the 
reclamation of these areas (Pérez-de-Mora et al., 2006; de Varennes et al., 2010). 
Microbial and enzymatic soil properties respond relatively quickly to small changes in 
soil conditions (Zhang et al., 2010). Consequently, soil enzyme activities reflect changes in soil 
quality before they can be detected by other soil analyses (Izquierdo et al., 2005; Gómez-Sagasti 
et al., 2012). The activity of soil enzymes is an important index of soil fertility, and is often used 
to monitor the remediation of polluted sites (Zhang et al., 2010; Baker et al., 2011). From a 
range of studies it is obvious that arylsulfatase as well as phosphatase belong to a set of 
enzymes that are highly sensitive to metal pollution (Kandeler et al., 1996; Hinojosa et al., 
2010). On the other hand, other authors have found phosphatase insensitive to soil degradation 
(Moreno-Jiménez et al., 2012). Apart from the characterisation of different functions of the soil 
microbial community, ecotoxicological studies make use of methods to estimate the abundance 
of the total soil microbial community or each different microbial population (i.e., bacteria, 
fungi). Since bacteria as well as fungi have clear pH preferences (Aciego Pietri and Brookes, 
2009; Rousk et al., 2009), any treatment that could change the acidity of the soil environment 
may alter the fungal/bacterial ratio. Fungi are more efficient than bacteria at assimilating and 
storing nutrients and, moreover, the lower C:N of fungi means they take less N from the soil 
than bacteria, which means more N available for plants. 
Most of the studies on the reclamation of metal polluted soils through revegetation or 
waste amendments have been performed under lab conditions and focused on changes in 
chemical or biochemical soil properties. The new aspect of the current study is that we 
evaluated the effect of planting trees and/or amending with sludges on the biological soil quality 
of mine sites polluted by metals and under field conditions. Evaluating the biological quality of 
the soil implies taking physical, chemical and biological soil properties into account. For this 
purpose, we selected sites in Touro (Galicia, Northwest Spain) that were used between 1973 and 
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1988 for copper mining. Since 1988, the remaining material has been used for road 
construction. In order to reclaim the mine soils, three different treatments were established: 
planting trees, adding sludges and a combination of both treatments. The planted trees were 
Pinus pinaster Aiton and Eucalyptus globulus Labill. The wastes that were the most frequently 
used as organic amendments to improve soil quality were sewage sludge and paper mill 
residues. Untreated soils at Touro were polluted by Cr and Cu, and the amended sites not only 
contained Cr and Cu, but also comparably higher amounts of Zn (Asensio et al., 2011; Asensio 
et al., 2013a). Untreated soils were extremely acidic, lacked N, P and K and were very poor in 
organic C (Asensio et al., 2011). Our aim was to discover whether different management 
practices can reduce the toxic effects of copper on soil functioning. We carried out 
measurements of both the microbial biomass and fungal biomass (ergosterol), and the enzymes 
involved in C-, N- and P-cycles using fluorogenic substrates. The measurements of urease and 
arylsulfatase were selected as indicators of possible metal pollution (Kandeler et al., 1996). We 
hypothesized that vegetating with E. globulus Labill and P. pinaster Aiton, and amending with 
sludges at the same time may increase the biological soil quality in mine soils polluted by 
metals. 
1.2. Material and methods 
1.2.1. Description of the study area  
The sampling area is located at the mine in Touro (Galicia, north-west Spain) (Lat/Lon 
(Datum ETRS89, European Terrestrial Reference System 1989): 8º 20' 12.06'' W 42º 52' 46.18'' 
N) (Figure 5.1). The climate of the experimental site is Atlantic (oceanic) with precipitation 
reaching 1886 mm per year (an average of 157 mm per month) and a mean daily temperature of 
12.6ºC. The average relative humidity is 77% (AEMET, 2013). 
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Figure 5.1. Location of sampled areas in the Touro mine. Source: ©Instituto Geográfico 
Nacional de España. 
Four areas were selected at the Touro mine tailing (Figure 5.1): (1) Control (untreated 
soil), (2) Forest (vegetated), (3) Sludge (amended) and (4) Forest + Sludge (vegetated + 
amended). The control soil was classified as Spolic Technosol (FAO, 2006) and did not have 
vegetation. The Control area was 1.20 ha in size and 336 m above sea level. The Forest soil is a 
Spolic Technosol (FAO, 2006) vegetated with Pinus pinaster Aiton 22 years before the 
sampling date. This soil also had natural vegetation consisting of Ulex sp., Erica sp., Agrostis 
sp. and bryophytes. The Forest soil was 0.58 ha in size and 340 m above sea level. The trees that 
were planted at Forest site looked thinner and smaller than other pines with that age, but they 
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did not show foliar symptoms of toxicity. The Sludge soil is an Urbic Technosol (FAO, 2006) 
made of sludges of different origins (a wastewater treatment plant, a paper mill and an 
aluminium plant). The different sludges were mixed with a compost turner at a 45:45:10 ratio 
(dry weight basis) and then spread on the soil surface in the Sludge site (Figure 5.1), without 
being mixed with the mine soil. This mixture of sludges was added to the soil 3 months before 
the sampling date. The amount of sludge applied was 158 tons per ha and the final depth of this 
new layer was around 3 m. The chemical properties of this sludge amendment were similar to 
those described by Camps Arbestain et al. (2008). Briefly, these sludges generally had a pH of 
8-10, more than 150 g kg
-1
 of total organic C, more than 100 mg kg
-1
 of total Cu and more than 
300 mg kg
-1
 of total Zn. Due to the huge amount of sludge needed for the reclamation of mine 
sites, heterogeneous sources had to be used (i.e. sewage sludges, paper mill residues) that 
largely differ in their pH, nutrient and metal concentration values. The Sludge site covered an 
area of 0.8 ha at 178 m above sea level and it had only natural herbaceous vegetation. Forest + 
Sludge soil is also an Urbic Technosol (FAO, 2006) vegetated with Eucalyptus globulus Labill 
and amended with sludges 11 years before the sampling date. The sludges used in the Forest + 
Sludge site were from a wastewater treatment plant and a paper mill, which were mixed in a 
50:50 ratio with a compost turner and then spread on the soil surface. The physico-chemical 
composition of these sludges was very similar to the Sludge soil. The amount of sludge added in 
the Forest + Sludge was 297 tons per ha. This area also had natural vegetation (Ulex sp., Rubus 
sp., seedlings of P. pinaster Aiton and bryophytes). The Forest + Sludge soil was 1.5 ha in size 
and 336 m above sea level. The trees planted at the Forest + Sludge site had a size similar to 
other with that age and they did not show toxicity symptoms. 
1.2.2. Soil sampling 
Five subsamples for each soil were randomly collected at a depth of 10 cm on 24
th 
March 
2011, removing the litter layer during sampling when necessary. Each subsample was collected 
in a polyethylene bag and were all transported to the laboratory in a cooling box. The samples 
were stored at -20ºC until biological analysis, and one part of the samples was then dried at 
room temperature for chemical analysis. Samples were sieved to < 2 mm prior to being 
analysed. 
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1.2.3. Soil chemical analyses 
Soil pH was determined with a pH electrode in 1:2.5 0.01M CaCl2 to soil extracts. The 
available content of Al, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb and Zn was extracted 
with 0.01 M CaCl2 in soil solution (Houba et al., 2000). Pseudototal metal contents were 
extracted with aqua regia by acid digestion in a microwave oven (Milestone ETHOS 1, Italy). 
The certified reference material CRM026-050 was also analysed in parallel with samples to 
check the analysis. Total Kjeldahl-N (TN) was determined according to (Bremner, 1996). Both 
soil organic and inorganic carbon (SOC and IC) were determined in a solid module (Shimadzu 
SSM-5000, Japan) coupled with a TOC analyser (Shimadzu TNM-1, Japan). 
1.2.4. Soil microbial biomass 
Microbial biomass carbon (Cmic) and nitrogen (Nmic) were determined by the fumigation-
extraction method according to (Vance et al., 1987a). A sample of 2 g was fumigated with 0.1 
ml of chloroform, added directly to the soil sample at 25°C for 24 h. The chloroform was then 
removed from the samples. The samples and non-fumigated controls were extracted with 8 mL 
of 0.5 M K2SO4 solution for 30 min on a rotatory shaker and then centrifuged for 30 min at 
3900 rpm. Carbon and nitrogen in the fumigated and non-fumigated extracts were determined 
with a TOC analyser (Shimadzu TNM-1, Japan). Microbial biomass C was calculated as: 
Biomass C = EC / kEC; where EC is the difference between organic C extracted from fumigated 
soils and organic C extracted from non-fumigated soils, kEC = 0.45 for soils with pH > 4.5 and 
kEC = 0.30 for soils pH < 4.5 (Vance et al., 1987b; Joergensen, 1996). Microbial biomass N was 
calculated as C but using the factor kEN = 0.54 (Brookes et al., 1985). 
1.2.5. Soil fungal biomass 
Soil fungal biomass was determined by the extraction and quantification of the ergosterol 
content using the method of Djajakirana et al. (1996) with slight modifications. One gram of 
soil (5 g for Control sample by its probable low content in fungi) was suspended in 25 mL of 
ethanol (HPLC-grade) in a 100 ml wide-mouth brown bottle and extracted in a shaker for 30 
min at 250 rpm min
-1
 followed by centrifugation in a 50 mL tube at 4560 rpm min
-1
 for 30 min. 
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An aliquot of 10 mL (20 mL for Control sample) was transferred into a test tube and evaporated 
in a rotary evaporator at 50ºC under vacuum. The dry extract was then dissolved in 1 mL 
methanol and percolated through a syringe filter (cellulose–acetate, 0.45 mm pore size) into a 
brown glass HPLC-vial. The extracts were measured by injecting 20 µL into a HPLC 
autosampler (Beckmann Coulter, System Gold 125 Solvent Module, USA), then passing them 
through a column (250 mm x 4.6 mm, 5 µm diameter = solid phase, Spherisorb ODS II). Pure 
methanol was used as the mobile phase at a flow rate of 1 mL min
-1
. The column was 
conditioned with methanol eluent at a flow rate of 1 mL min
-1
 for 30 min before measurement 
began. Detection was carried out with a UV-detector (Beckmann Coulter System Gold 166, 
USA) at a wavelength of 282 nm. Identification of ergosterol was performed by retention time 
and quantification by peak area. 
1.2.6. Soil enzyme activities 
The activity of the urease and arylsulfatase enzymes was determined following the 
methods described by Kandeler and Gerber (1988) and Strobl and Traunmüller (1996), 
respectively. The urease and arylsulfatase measurements were used as early indicators of metal 
pollution. 
A range of hydrolytic enzyme soil processes were measured using a fluorimetric 
microplate assay (Marx et al., 2001). The activities of β-D-glucosidase, β-N-acetyl-
glucosaminidase, β-xylosidase, acid phosphomonoesterase and L-leucine-aminopeptidase were 
measured using 4-methylumbelliferon (MUB-) and 7-amido-4-methyl-coumarin (AMC-) 
labelled substrates. Enzyme activities were determined as the release rate of fluorescent MUB 
and AMC from the MUB- or AMC-labelled substrates, respectively. Aqueous soil suspensions 
(fresh weight soil: water = 0.5:50) were prepared from each soil sample. A mixture of 50 µL of 
sample, 50µL of buffer (carbohydrases, acid phosphomonoesterase: 0.1 M MES buffer, pH 6.1, 
aminopeptidase: 0.05 M TRIZMA buffer, pH 7.8) and 100µL of substrate were added in 
triplicate into a 96-well microplate, yielding to a final substrate concentration of 500 µM. 
Microplates were incubated at 30ºC and the release of MUF and AMC was measured after 0, 
30, 60, 120 and 180 min using an automated luminescence spectrophotometer (BioLumin TM, 
960 Molecular Dynamics, USA) at emission 446 nm and excitation 377 nm. The fluorescence 
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produced was converted into an amount of MUB:AMC according to a soil-specific standard 
calibration. This consisted of increasing the amounts of substrates (0, 10, 20, 50, 80 and 120 µL) 
and constant amounts of soil solution (50 µL), which corrects for the possible quenching effects 
on the fluorescence intensity of MUB:AMC. Enzyme activities were reported as nmol 
MUB:AMC g
-1
 h
-1
 DW soil. The specific enzyme activity was calculated by dividing the 
measured absolute enzyme activity by the microbial biomass of the respective sample. 
1.2.7. Statistical analyses 
All of the analytical determinations were performed in triplicate and the data obtained 
were treated statistically using the programme SPSS version 15.0 for Windows. Analysis of 
variance (ANOVA) and homogeneity of variance test were carried out. In case of homogeneity, 
a post-hoc least significant difference (LSD) test was carried out. If there was no homogeneity, 
Dunnett’s T3 test was performed. The Mann-Whitney test was used when the data were not 
parametric. A correlated bivariate analysis was also carried out with data from all of the soil 
samples. The most commonly used bivariate correlation technique, the Pearson correlation (r) 
was used, which measures the association between two quantitative variables without 
distinguishing between the independent and dependent variables. The obtained correlation (r) 
and the used probability (95% confidence = P < 0.05) are given in the results or discussion 
section. 
1.3. Results  
1.3.1. Soil chemical properties 
The amendment with sludges as well as tree planting had a significant impact by 
increasing the soil pH and available plant nutrients, and reducing metal contents in the mine 
tailing soil. The Control site and the vegetated soils showed a pH value in the range of 3.3 to 
4.2, which is extremely acid according to the (USDA, 1998), but the soil receiving recent sludge 
amendment (Sludge) showed an increase of this value to 8.2 due to the addition of high amounts 
of inorganic C (carbonates) and basic cations (Ca
2+
, K
+
, Mg
2+
, Na
+
) (Table 5.1). 
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Table 5.1. Mean and confidence interval (CI) of pH, carbon, nitrogen, Olsen P, different ratios, 
elements extracted with CaCl2 (mg kg
-1
) and pseudototal heavy metal contents (mg kg
-1
). 
Parameters Control Forest Sludge Forest + Sludge 
pH 3.30 ± 0.02c 3.42 ± 0.0.3c 8.17 ± 0.23a 4.20 ±0.05 b 
Texture Sandy loam Sandy loam Sandy clay loam Sandy loam 
IC (g kg
-1
) n.d. n.d. 14.55 ± 2.4 n.d. 
Bulk density (g cm
-3
) 1.15b 1.88a 0.93c 0.84d 
TOC (g kg
-1
) 2.60 ± 0.59d 7.75 ± 0.59c 106 ± 4.05a 13.16 ± 1.33b 
TN (g kg
-1
) 0.24 ± 0.04c 0.52 ± 0.2b 1.69 ± 0.3a 0.36 ± 0.09bc 
C:N 10.75 ± 1.90c 16.62 ± 8.04c 72.76 ± 13.71a 38.39 ± 12.14b 
Ergosterol: Cmic 0.05 ± 0.03c 9.97 ± 3.97a 3.26 ± 1.2b 10.39 ± 2.8a 
Cmic:Nmic 1.42 ± 0.45c 3.69 ± 0.89b 5.03 ± 1.18a 3.91 ± 0.44b 
Cmic:TOC (%) 0.22 ± <0.01a 0.24 ± <0.01a 0.29 ± <0.01a 0.26 ± <0.01a 
Nmic:TN (%) 1.7 ± 0.01b 1.1 ± 0.01b 3.9 ± 0.01a 2.5 ± 0.01ab 
Olsen P (mg kg
-1
) n.d. 3.84 ±0.54 c 265 ± 7.29a 126 ± 5.1b 
C
aC
l 2
- 
ex
tr
ac
ta
b
le
 
Al 0.61 ± 0.08b 0.21 ± 0.05c n.d. 1.18 ± 0.31a 
Ca 167 ± 40.71d 763 ± 22.04c 1209 ± 37.52b 1942 ± 83.16a 
Co 1.01 ± 0.16b 0.61 ± 0.05c 0.09 ± 0.01d 1.58 ± 0.31a 
Cr 0.38 ± 0.04a 0.40 ± 0.05a 0.17 ± 0.14c 0.26 ± 0.03b 
Cu 20.48 ± 2.11b 28.64 ± 1.95a 0.52 ± 0.11d 5.72 ± 2.25c 
Fe 483 ± 55.25a 504 ± 9.58a n.d. 146 ± 18.59b 
K 27.49 ± 1.02b 47.87 ± 8.77b 401 ± 69.10a 41.27 ± 10.20b 
Mg 21.37 ± 3.62b 24.56 ± 2.87b 2155 ± 333a 5.16 ± 5.34b 
Mn 15.88 ± 1.09c 9.05 ± 1.55c 256 ± 34.07a 76.00 ± 15.43b 
Na 36.03 ± 7.69b 33.68 ± 2.43b 727 ± 187a 7.34 ± 2.76b 
Ni 0.20 ± 0.08c 0.53 ± 0.03b 4.98 ± 0.43a 0.70 ± 0.20b 
P n.d. n.d. 7.07 ± 3.16 n.d. 
Pb 0.71 ± 0.20c 0.89 ± 0.11b n.d. 2.81 ± 0.23a 
Zn 0.64 ± 0.18a 0.64 ± 0.02a 0.19 ± 0.09b 0.81 ± 0.42a 
P
se
u
d
o
to
ta
l 
Co 23.64 ± 1.61a 31.46 ± 16.94a 8.61 ± 0.72b 28.50 ± 0.99a 
Cr 130 ± 9.99a 129 ± 6.50a 79.98 ± 15b 76.95 ± 4.98b 
Cu 644 ± 90.35a 637 ± 71.16a 89.53 ± 3.53b 61.46 ± 5.41b 
Ni 14.64 ± 1.67d 23.47 ± 5.64c 154 ± 4.86a 46.59 ± 1.94b 
Pb 21.99 ± 2.53b 16.51 ± 2.26b 46.69 ± 2.79a 39.04 ± 21.60a 
Zn 113 ± 13.36b 88.18 ± 4.55c 178 ± 7.82a 108 ± 4.01b 
Values followed by different letters in each row differ significantly with P < 0.05. n.d.: not 
detected. IC: inorganic carbon, TOC: total organic carbon, Cmic: microbial biomass carbon, Nmic: 
microbial biomass nitrogen, Olsen P: phosphorus extracted by Olsen method.  
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Significant differences in nutrient contents were also observed between the recently 
amended soil and the rest of the mine sites: sludge amendment increased both the potassium and 
calcium content by a factor of around 100, and Olsen phosphorus by more than 200. The 
vegetated soils (Forest and Forest + Sludge) also significantly increased Ca and P contents 
(Table 5.1). 
Pseudototal concentrations of some of the analysed metals (Ni, Pb and Zn) were still as 
high in some of the sites after the application of treatments (Forest, Sludge and Forest + Sludge) 
as in the Control (Table 5.1). The Generic Reference Level for Galicia (Macías and Calvo de 
Anta, 2009) established the following threshold limit values for metals in soils: 40 mg kg
-1
 for 
cobalt, 80 mg kg
-1
 for chromium, 50 mg kg
-1
 for copper, 75 mg kg
-1
 for nickel and 200 mg kg
-1
 
for zinc. According to these threshold values, all of the sites in this study can be categorised as 
polluted by Cu and Cr. The following exceptions were found: the Forest + Sludge site was not 
polluted by Cr, and the Sludge site was also polluted by Ni. However, due to the high pH in 
Sludge, the content of metals in available form was much lower in the Sludge site than in the 
others. The CaCl2-extractable metal contents were below the threshold limits in all soils. 
1.3.2. Microbial and fungal biomass 
The microbial biomass C (Cmic) of the mine tailing soils did not significantly increase 
after 22 years of planting Pinus pinaster Aiton, as the values in the Control and the Forest site 
show (Figure 5.2a). In contrast, vegetating with Eucalyptus globulus Labill together with sludge 
addition for 11 years (Forest + Sludge) enlarged the pool of microbial biomass by a factor of 
six. The highest enrichment of Cmic was observed after the recent addition of sludge to the mine 
soil (Sludge). The ratio between Cmic and total organic C (TOC) were in the range of 0.22 and 
0.29 % and did not differ significantly between treatments (Table 5.1). Pearson correlation 
analyses revealed that Cmic was positively correlated with TOC, TN and soil pH (r = 0.99, 0.95 
and 0.98, respectively, P < 0.01). This analysis reveals a negative correlation between soil 
microbial biomass and available Cr and Cu contents (r < -0.7, P < 0.01). 
The microbial biomass N (Nmic) only increased significantly in the recently amended soil 
(Figure 5.2b). The ratio between Nmic and total N was less than 2% in both the Control and 
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Forest site, but higher than 2.5% in the two amended sites. Microbial biomass N was also 
positively correlated with TOC, TN and soil pH (r = 0.98, 0.91 and 0.97, respectively, P < 0.01), 
and negatively correlated with available Cr and Cu (r < -0.7, P < 0.01). The Cmic:Nmic ratio was 
significantly higher in all of the treated soils than in the Control soil, but Sludge had the highest 
value (Table 5.1). 
The ergosterol content showed a similar pattern as microbial biomass carbon (Figure 
5.2c). This fungal biomarker significantly increased in all treated sites. Ergosterol was 
positively correlated with TOC, TN and soil pH (r = 0.93, 0.89 and 0.92, respectively, P < 0.01), 
and negatively correlated with available Cr and Cu (r = -0.60 and -0.70, respectively, P < 0.01). 
Calculating the ergosterol to Cmic ratio revealed that all of the remediation treatments shifted the 
fungal to total microbial biomass ratio towards a more fungally-dominated community (Table 
5.1). 
1.3.3. Enzymes involved in the C cycle 
Enzymes involved in the carbon cycle (β-glucosidase, β-xylosidase and β-N-acetyl-
glucosaminidase) significantly increased their activity in the recently amended soil (Figure 5.3a, 
b and c). The β-glucosidase activity also significantly increased in the two vegetated soils, but 
only slightly in comparison to the Control soil (Figure 5.3a). The activity of the three enzymes 
involved in C cycling were positively correlated with TOC content (r > 0.97 in all cases, P < 
0.01), as well as with K, Mg, Mn, Na, Olsen P, TN and soil pH (r > 0.86 in all cases, P < 0.01). 
The activity of these enzymes were negatively correlated with available Cr and Cu (r < -0.65 in 
all cases, P < 0.01). 
1.3.4. Enzymes involved in N cycle 
Urease activity only increased significantly in the recently amended soil (Figure 5.3d). 
The activity of this enzyme was negatively correlated with available Cr and Cu (r = -0.51 and -
0.66, respectively, P < 0.01) and positively with K, Mg, Mn, Na, Olsen P, TN and soil pH (r > 
0.87 in all cases, P > 0.01). Leucine aminopeptidase activity was only detected in Sludge (2778 
nmol MUF g-1 soil h
-1
). 
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Figure 5.2. Carbon and nitrogen contents in the microbial biomass and ergosterol in the soil 
samples. Bars with the same letters are not significantly different at P < 0.05. Means of fifteen 
replicates are reported with confidence interval (CI). 
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Figure 5.3. Activities of β-D-Glucosidase, β-D-Xylosidase, β-N-Acetyl-Glucosaminidase, 
urease, phosphatase and arylsulfatase in the soil samples. Bars with the same letters are not 
significantly different at P < 0.05. Means of fifteen replicates are reported with confidence 
interval (CI). 
1.3.5. Enzymes involved in P and S cycling 
Phosphatase activity did not differ between the treatments (Figure 5.3e), although the 
phosphorus contents (Olsen and CaCl2-extractable) were different between the four sites. This 
phosphorus fraction could not be detected in the Control site (Table 5.1). 
Arylsulfatase activity increased significantly in the two amended soils by a factor of 47, 
whereas the Forest site did not differ from the Control site (Figure 5.3f). The activity of this 
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enzyme was negatively correlated with available Cr and Cu contents (r = -0.87 in both cases, P 
< 0.01) and positively correlated with all nutrients (Ca, K, Mg, Mn, Na, Olsen P, TN) and soil 
pH (r = 0.81, 0.55, 0.53, 0.72, 0.51, 0.83, 0.87 and 0.65, respectively, P < 0.05). 
1.4. Discussion 
1.4.1. Microbial and fungal responses to vegetation and sludge amendment in the 
mine soil 
The microbial biomass C (Cmic) in the mine soil without treatment (Control) and the site 
vegetated with pines for 22 years (Forest) was low, but its value was significantly higher in the 
recently amended (Sludge) and the vegetated and amended (Forest + Sludge. This indicates that 
the use of sludges and combination of them with eucalyptus plantation increased the amount of 
soil microbial biomass (Cmic) in the mine soil. However, the ratio between biomass C and soil 
total organic C was significantly the same between treatments and still much lower than 
expected in microbially active soils, which is 1-4% according to several studies (Sparling, 1992; 
Kandeler et al., 1996). This trend could indicate that regardless of the high nutrients and organic 
C contents in the treated sites, microorganisms were not able to overcome the high 
concentration of metals in soils. It appears that this pollution by metals masked the beneficial 
Table 5.2. Specific enzyme activities in soil samples. 
Enzyme Control Forest Sludge Forest + Sludge 
Arylsulfatase
a
 0.11±0.08b 0.05±0.02b 0.09±0.04b 0.85±0.15a 
Urease
b
 0.82±0.34a 0.32±0.11d 0.57±0.26b 0.39±0.08c 
β--glucosidasec 2.36±1.26c 5.51±2.38a 3.72±1.57b 1.40±0.46c 
β--xylosidasec 1.22±0.27a 0.64±0.39bc 0.73±0.20b 0.27±0.15c 
β-acetyl-glucosaminidasec 1.42±0.32c 5.53±2.85a 3.51±0.60b 1.25±0.45c 
Phosphatase
c
 96.45±19.18a 28.46±13.52b 1.28±1.09c 17.43±5.20b 
Leucine aminopeptidase
c
 n.d. n.d. 8.86±5.14 n.d. 
a
 g p-nitrophenol g
-1 
Cmic h
-1
, 
b
 g N g
-1 
Cmic 2h
-1
, 
c 
nmol MUF g
-1 
Cmic h
-1
. n.d.; not detected. 
Mean ± confidence interval (CI) of the mean of fifteen replicates. Values followed by different 
letters in each row of each mine area differ significantly with P < 0.05.  
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effect of the reclamation strategies provided by organic amendments and vegetation (both root 
exudates and debris), even when they are combined. 
The microbial biomass N (Nmic) only increased in Sludge and it was negatively correlated 
with available Cr and Cu, which indicates that it was also negatively affected by the high 
concentrations of available metals in soils. We calculated the Nmic:TN ratio, because it expresses 
the amount of potentially available soil inorganic N in the short term (Recous et al., 1990; Yu et 
al., 2008). The unamended sites (Control and Forest) had a much lower Nmic:TN ratio than other 
microbially active soils (Jenkinson, 1988). After sludge amendment, the Nmic:TN ratio changed 
to characteristic levels for microbiologically active sites (2-6%). Therefore, the turnover of the 
microbial biomass in amended sites may release between 60 and 120 kg N ha
-1
 y
-1
 for plant 
growth in mine soils (this calculation is based on Nmic content, bulk density, sampling depth and 
a turnover time of soil microbial biomass of twice a year). 
Comparing the Cmic:Nmic ratio of the different sites (higher in all treated soils than in 
Control) revealed that remediation increased the C:N ratio of the soil microbial community. A 
shift in the C:N ratio can be explained on the basis of differences in C and N contents of 
bacteria and fungi, and while the C:N ratio of bacteria is expected to be in the range of 3-6, 
fungi are characterised by a wider C:N ratio of about 5-15 (Paul and Clark, 1996; Harris et al., 
1997). The increase of the C:N ratio in amended soils revealed that the soil microbial 
community shifts towards a more fungally-dominated community. This result was supported by 
our ergosterol data showing significantly higher contents in the remediation sites than in the 
Control. The major dominance of ergosterol in the Sludge site could be partly due to other 
sterols that may be co-extracted with ethanol and detected by HPLC with a similar retention 
time. Nevertheless, since the ratio of ergosterol to Cmic was still in the same range than the other 
treatments, we do not expect a high overestimation of ergosterol in the Sludge. 
The higher dominance of fungi after sludge amendment could be due to their feeding 
behaviour and their sensitivity towards pH as well as metals. It has previously been reported 
that an increase in soil organic C increases the ergosterol content (Bastida et al., 2008; 
Enowashu et al., 2009). Fungi are the major decomposers of recalcitrant substances in soils (De 
Boer et al., 2005). Although recalcitrant compounds have not been analysed in the present work, 
it has been reported that both tree species used (pines and eucalyptus) and the added sludges 
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(sewage sludges and paper mill residues) contain high concentrations of lignin, cellulose and 
hemicellulose (Hattori and Mukai, 1986; Martins et al., 1999; Li et al., 2001; Corbeels et al., 
2005), which was probably an important source of nutrients for fungi in the mine soils. 
Although many studies have shown a clear preference of fungi under acidic soil 
conditions (Bárcenas-Moreno et al., 2011), the ergosterol to Cmic ratio did not correlate with the 
pH values. Therefore, the nutrient limitation of the Control soil may have limited fungal growth 
even under acidic soil conditions. In contrast, the relative contribution of fungi depends on pH 
under conditions of nutrient additions (Sludge, Forest and Forest + Sludge). 
Since microbial biomass and ergosterol content were significantly negatively correlated 
with the available fractions of Cr and Cu (r < -0.62 in all cases, P < 0.01), bacteria as well as 
fungi seemed to be sensitive to these metals. Our results support previous results showing that 
soil microorganisms are more sensitive to high metal concentrations in soils than plants or 
animals (Kandeler et al., 1996; Belyaeva et al., 2005; Moreno et al., 2009). 
1.4.2. Enzyme activity responses to vegetation and sludge amendment in the mine 
soil 
The highest activities of enzymes involved in the C cycle (β-glucosidase, β-xylosidase 
and β-N-acetyl-glucosaminidase) were observed in the Sludge site. This suggests that the 
amendment with sludges stimulated the activity of the enzymes involved in the carbon cycle 
much more than tree vegetation. We obtained positive significantly correlation of these enzymes 
with TOC content. The enzyme β-glucosidase is mainly a part of the cellulose enzyme system 
and catalyses short chain oligosaccharides and cellobiose (Bhatia et al., 2002) and β-xylosidase 
catalyses the hydrolysis of hemicellulose (Zhang et al., 2007). β-glucosaminidase is a key 
enzyme involved in the hydrolysis of N-acetyl-β-D-glucosamine residues from the terminal 
non-reducing ends of chitooligosaccharides and it plays an important role in both C and N 
cycling in soil (Parham and Deng, 2000; Seidl, 2008). The high concentrations of hemicellulose, 
cellulose, sugars and carbohydrates in the sludge added to mine soil (Hattori and Mukai, 1986; 
Li et al., 2001) probably stimulated microorganisms to increase β-glucosidase and β-xylosidase 
production. Since fungi are important producers of chitin, we expected that the higher β-N-
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acetyl-glucosaminidase activity under sludge amendment can be related to the higher substrate 
availability derived from decaying fungal biomass. Due to the lower metal concentrations in the 
amended soils in comparison with the untreated, microorganisms were able to grow and make 
use of the substrates provided by the sludges. 
The activity of enzymes involved in N cycling (urease and leucine aminopeptidase) only 
significantly increased in the recently amended soil (Sludge) due to the high concentration of 
nitrogen in the sludges. However, the activities of enzymes involved in the N cycle in vegetated 
sites (eucalyptus and pine trees) did not differ from the Control, even in the Forest + Sludge. 
This implies that the nitrogen supplied by the sludges used decreases its concentration in the soil 
over time and, consequently, the enzymes involved in the N cycle are lower in the soil amended 
for 10 years than in the soil amended for 6 months. To avoid N limitation for tree growth, the 
regular addition of sludges may offer a possibility to provide organic nitrogen compounds for 
microbial N mobilisation. Alternatively, the plantation of legume species, i.e., native plants such 
as Trifolium pratense L. (red clover) or Medicago sativa L. (alfalfa) (Pedrol et al., 2010), could 
support the nitrogen nutrition of trees. It is well known that legume species helps to increase 
nitrogen concentration in soils because they can fix atmospheric N significantly more than other 
plant species and, therefore, helps to increase its concentration in soils. 
Similar acid phosphatase activities were detected in all sites. It is possible that this 
enzyme was independent of substrate availability in the different sites, since the pH of the 
different soils may have been the most important factor regulating its production and activity. It 
is well known that the optimum pH for phosphatase is around 4 for the acid form, 6-7 for the 
neutral form and 10-11 for the alkaline form (Arevalo et al., 1993; Garcia et al., 1993). Since 
soil pH increased up to 8.2 in the Sludge site, we expect that microorganisms may have 
produced different isoenzymes characterised by an alkaline pH optimum (Garcia et al., 1993). In 
addition, the activity of the acid phosphatase could have been negatively affected in the Sludge 
site due to the feedback inhibition by inorganic phosphate usually found in sewage sludges 
(Nannipieri et al., 1979; Smith et al., 2006). The arylsulfatase activity of unpolluted forest soils 
has been reported as being in the range of 23-75 µg p-nitrophenol g
-1
 soil h
-1
 and urease in the 
range of 20-30 µg N g
-1
soil 2h
-1
 (Dilly and Nannipieri, 2001; Hinojosa et al., 2004; Gelsomino 
and Azzellino, 2011). The arylsulfatase and urease activities of the Control and Forest sites were 
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clearly affected by the metal pollution in the soils, as their activities were much lower than 
previously described (Table 5.1, Figure 5.3d and f). The arylsulfatase activities of the sites 
amended with sludge were within the range of unpolluted sites. Urease activity was much 
higher than expected in the forest sites, probably due to the high fraction of organic nitrogen in 
the sludge.  
The specific enzyme activity is a valid indicator of microbial efficiency in the utilization 
of energy and the degree of substrate limitation for soil microorganisms (Gavrichkova et al., 
2010). The sites treated with sludges decreased the specific activity of all enzymes involved in 
the C and N cycle (Table 5.2), indicating that their microbial community is characterized by 
higher C and N use efficiency than unamended soils. 
1.5. Conclusions 
The application of sludges to mine soil contaminated by metals was a suitable treatment 
to increase both bacterial and fungal abundance (Cmic and ergosterol content) as well as 
microbial functions (arylsulfatase, urease, glucosidase, xylosidase and glucosaminidase 
activities). We also observed that amending with sludges increased the efficiency of the soil’s 
microbial community to metabolize C and N. This was indicated by the decrease of the specific 
enzyme activities and the increase in the ratio Cmic:Nmic (shift towards predominance of fungi 
instead of bacteria). Planting eucalyptus or pine trees also stimulated soil microbial activity, but 
did not increase microbial biomass and function to the level of unpolluted sites. In the sludge 
amendment site, the possible negative effects of metals were overcome by high substrate 
availability for microorganisms. Regardless of the favourable effect of treatments, the negative 
influence of pollution by metals could still be noticed in all of the treated soils, since the 
microbial biomass C to soil organic C ratio was lower than usual in unpolluted sites. Since tree 
vegetation without additional nutrient supply did not fully recover soil microbial communities, 
it is recommended for the future remediation of mine soils to periodically add sludge or to 
improve nutrient availability for trees by planting native legume species to support nitrogen 
nutrition. Studies like this should be carried out in other seasons to observe differences in soil 
biological characteristics due to different weather conditions. 
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Abstract 
The quality of soils located at mines is low if they do not receive any reclamation 
treatment. To our knowledge, there are no still equations to evaluate the quality of metal mine 
soils after the application of the reclamation treatments most used today. Therefore, the 
purposes of the present work was (i) proposing a method for developing soil quality indexes 
(SQI), (ii) developing the SQI for two types of mine soils (settling pond and mine tailing) 
reclaimed by planting trees and/or amending with wastes and (iii) assessing the quality of these 
soils under field conditions. The results obtained after the use of a SQI developed for reclaimed 
mine soils through the selection of soil quality index with a factor analysis and the summing up 
of the scores of the selected variables showed that this method is a valid tool for developing 
SQIs. The use of such index to the reclaimed mine soils showed that the untreated sites had very 
low quality and the treatment that most increased it was amending with wastes. We recommend 
periodically addition of sewage sludges and paper mill residues to degraded sites because they 
increase the quality of soils but the effect decrease over time. 
Keywords: Soil quality; physical indicators; chemical indicators; biological indicators; 
mine soil; waste amendment. 
1.1. Introduction 
The definition of soil quality could be grouped into two broad categories, according to  
(Garrigues et al., 2012), depending on whether they emphasize either soil functions or soil use. 
Regarding soil functions, the Soil Science Society of America officially defines soil quality as 
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“the capacity of a specific kind of soil to function, within natural or managed ecosystem 
boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, 
and support human health and habitation” (Karlen et al., 1997). The definition of soil quality 
considering “soil use” can be simply defined as “fitness for use”(Larson and Pierce, 1994). This 
definition implies specifying soil uses according to a soil’s environmental or industrial context 
(i.e., agriculture, forest, industrial) (Garrigues et al., 2012). Therefore, depending on soil use, 
different soil characteristics are required for evaluating soil quality. 
Soil quality research is usually focused on agricultural and forest soils, but the concept 
and importance of soil quality is also relevant to reclaimed mine soils. A mine soil medium of 
sufficient quality is needed that allows adequate growth and productivity of reclamation species 
that will further improve mine soil properties (Bendfeldt et al., 2001). The quality of soils 
located at mines is low if they do not receive any reclamation treatment. It is important to 
recover the soil quality of degraded mine sites because otherwise they can cause significant 
environmental problems in the surrounding (acid mine drainage, pollution by heavy metals) and 
the mine will continue being a large infertile area. The reclamation treatment consisting on 
planting vegetation sometimes is not enough for increasing soil quality up to adequate levels for 
the growth of most plant species. Since the vegetation needs the support of some amendment 
and mine soils cover huge areas, wastes is one of the most popular amendments (Calace et al., 
2005; Tandy et al., 2009; Baker et al., 2011; Karami et al., 2011). The effect of the planted 
vegetation or the added waste amendments in mine soils have been previously evaluated by 
other authors (Shu et al., 2005; Conesa et al., 2007; Lottermoser et al., 2008; Karami et al., 
2011). However, the comparison of the effect on soil quality between the two treatments and the 
combined effect of both has not been still properly evaluated under field conditions. Perhaps by 
developing criteria for assessing soil quality in mine soils reclaimed either by planting 
vegetation or amending with waste amendments, the companies and researches dedicated to 
reclaim mines and the authorities which create politics about soil management would be able to 
understand all aspects of soil management. Nowadays there is no still consensus on how to 
define soil quality and, therefore, there is no unanimity on how to assess and evaluate impacts 
on it (Garrigues et al., 2012). Nevertheless, a small number of carefully chosen soil quality 
indicators, when used in a simple, non-linearly scored index, can adequately provide 
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information needed for selection of best management practices (Andrews et al., 2002a). A soil 
quality index could be defined as the minimum set of parameters that, when interrelated, 
provides numerical data on the capacity of a soil to carry out one or more functions (Larson and 
Pierce, 1994). Because soil quality cannot be measured comprehensively with a single indicator, 
soil quality assessments often focus on determining a “minimum data set” (MDS) of soil 
characteristics with the greatest influence on soil quality. Going further, a MDS can be used to 
develop an equation to calculate a soil quality index (SQI). A SQI allows comparisons among 
the condition of different soils. The development of such index have been in most cases carried 
out by selecting the MDS through a principal component analysis (PCA), scoring the selected 
variables based on their performance of soil functions, weighting the variables based on the 
PCA loadings and, finally, summing up the weight of all variables with their respective value in 
the soil sample (Andrews, Mitchell, et al., 2002). Amacher et al., (2007) proposed the selection 
of the MDS according to an expertise-based judgment of the whole data set, i.e., based on the 
knowledge that certain characteristics are always influencing soil quality (pH, CEC, total N). 
These authors then created a table with scores for the values of the selected characteristics and, 
finally, they summed up the scores for the SQI (Amacher et al., 2007). However, the use of 
factor analysis often produces physically unrealistic negative factor loadings (Lu et al., 2008), 
and the expertise-based selection depends on the individual criteria of the scientist. Therefore, 
we propose the combined use of both methods: PCA for the selection of the MDS and a table 
with scores for the selected characteristics after factor analysis. On the other hand, previous 
studies have developed SQI for agricultural or forest systems (Doran and Parkin, 1994; 
Amacher et al., 2007) and even for reclaimed coal mines (Shukla et al., 2004). However, as far 
as we know, there are no still equations to calculate the quality of metal mine soils after the 
application of the reclamation treatments most used today. For all the previously explained 
reasons, this work had three main objectives: i) the identification of key soil attributes for metal 
mine soils reclaimed by planting vegetation and amending with wastes, ii) the establishment of 
a SQI based on a MDS to assess the soil quality necessary to allow a proper growth of plants in 
mine soils and iii) the assessment of soil quality in no-reclaimed versus reclaimed metal mine 
soils. For this purposes, the sampling site was selected at the former copper mine in Touro 
(Figure 6.1). The mine tailing at Touro was formed by materials left over after extracting copper 
from the ore. There was also a settling pond in this mine, consisting of fine materials from the 
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copper flotation process. The company “Tratamientos Ecológicos del Noroeste” (Ecological 
Treatments of the Northwest) has carried out different reclamation treatments at Touro mine 
soils: planting eucalyptus and pine trees, amending with wastes (mainly sewage sludge and 
paper mill residues) and both tree planting and waste amending at the same time. Previous 
studies with the sampled soils have showed significantly differences between the soil 
characteristics located at the different mine sites (untreated, vegetated, and amended). These 
works are focused in changes in physical (Asensio et al., 2013b), chemical (Asensio et al., 
2013a) or biological quality (Asensio et al., 2013c) of the studied soils. However, it would be 
very useful a minimum data set with selected soil parameters from each group (physical, 
chemical and biological). Therefore, the present work includes all the soil characteristics for 
creating a complete quality index for reclaimed metal mine soils. Our hypothesis was that the 
combined effect of planting trees and amending with organic wastes to mine areas increased the 
soil quality of the mine soils up to optimum levels for most plant species growth, at least faster 
than other type of reclamation treatments. 
1.2. Materials and methods 
1.2.1. Experimental site and soil sampling 
The selected mine is located in Touro (Galicia, Northwest Spain) (Lat/Lon (Datum 
ETRS89): 8º 20' 12.06'' W 42º 52' 46.18'' N) (Figure 6.1). 
Two different zones at the mine were sampled: the settling pond (B) and the mine tailing 
(M). In order to evaluate the effect of each treatment (tree vegetation and waste amendments), 
sites with each treatment were selected in each mine zone (Table 6.1 and Figure 6.1). The soil 
samples are described in detail in (Asensio et al., 2013a). Briefly, the four sites sampled in the 
settling pond were B1 as the control sample (no-treated), B2v was vegetated with Pinus pinaster 
Aiton 21 years before the sampling date, B3v was vegetated with Eucalyptus globulus Labill 6 
years before and B4w was amended with sewage and paper mill residues 5 months before. The 
two soil horizons of B4w were sampled (B4Aw and B4Bw). Four sites were also sampled at the 
mine tailing: M1 as the control, M2v was vegetated with pines 21 years before, M3w was 
amended with the same type of wastes than B4w 6 months before sampling and M4vw was 
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vegetated with eucalyptus and amended with the wastes at the same time 10 years before. The 
two soil horizons in M2v were sampled (M2Av and M2Bv). The wastes used as amendments 
have pH 8-10, total organic C higher than 150 g kg
-1
, total Cu higher than 100 mg kg
-1
, and total 
Zn higher than 300 mg kg
-1
 (Camps Arbestain et al., 2008). Five soil samples were randomly 
collected on 9th March 2010 from areas spaced sufficiently far apart to be representative of each 
site. The samples were stored in polyethylene bags, dried at room temperature and sieved to < 2 
mm before being analyzed. A single horizon of all soils was sampled, except from M2v and 
B4w, as previously explained. 
 
Figure 6.1. Location of the sampled sites in Touro mine. Map source: ©Instituto Geográfico 
Nacional de España. 
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1.2.2. Soil physical analyses 
Standard procedures were used to estimate soil stoniness (Eriksson and Holmgren, 1996) 
and particle size distribution (Day, 1965). Particle and bulk density (PD and BD) were 
determined as described (Hao et al., 2008). Aggregate size distribution was determined by 
sieving 50 g of >10 mm aggregates in a set of five sieves (5, 2, 1, 0.25 and 0.05 mm). The mean 
weight diameter (MWD) obtained of each sample was related to the stability of the aggregates 
(Le Bissonnais, 1996). The determination of water stable aggregates (WSA) was carried out 
with standard equipment (Eijkelkamp Wet Sieving Apparatus, The Netherlands) (Asensio et al., 
2013a). 
1.2.3. Soil chemical analyses 
Soil pH was determined with a pH electrode in 1:2.5 water to soil extracts. Exchangeable 
cations were extracted with 0.1M BaCl2 (Hendershot and Duquette, 1986) and their 
concentrations determined by ICP-OES (Perkin-Elmer Optima 4300 DV, USA). Effective 
cation exchange capacity (CECe) was calculated by adding up all cation concentrations. 
Phytoavailable concentrations of Al, Ca, Cu, K, Mg, Mn, Ni, Pb and Zn were extracted with 
Table 6.1. Soil samples. 
Mine zone Label Treatment Time of treatment 
Settling pond 
B1 None ─ 
B2v Tree vegetation 21 years 
B3v Tree vegetation 6 years 
B4Aw Waste amendment 5 months 
B4Bw None ─ 
Mine tailing 
M1 None ─ 
M2Av Tree vegetation 21 years 
M2Bv None ─ 
M3w Waste amendment 6 months 
M4vw Trees + Wastes 10 years 
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acidified 0.01M CaCl2 (Houba et al., 2000). Pseudototal concentrations of Cu, Ni, Pb and Zn 
were extracted with aqua regia by acid digestion in a microwave oven (Milestone ETHOS 1, 
Italy). The certified reference material CRM026-050 was analyzed in parallel with samples to 
check the effectiveness and precision of the extraction analysis. Total bioavailable phosphorus 
content was determined by the Olsen method (Olsen et al., 1954). Total Kjeldahl-N (TN) was 
determined according to (Bremner, 1996). The three inorganic N (IN) fractions, which are 
NH4
+─N (ammonium), NO2
-─N (nitrites) and NO3
-─N (nitrates), were extracted with 2M KCl 
and distilled with their respective reagents (Bremner and Keeney, 1965). To determine total and 
inorganic N contents, an aliquot of each extract was analyzed by potentiometric titration with 
titrator equipment (SM 702 Titrino, Metrohm, Switzerland). 
1.2.4. Soil organic matter and biological analyses 
Both total and inorganic carbon (TC and IC) were determined in a module for solid 
analysis (SSM-5000) coupled with a TOC analyzer (Shimadzu TNM-1, Japan). Soil organic 
carbon (SOC) contents were calculated from the difference TC-IC. The different chemical 
organic matter fractions labeled as humin C, humic acids (CHA) and fulvic acids (CFA) were 
separated following the method described in (De Blas et al., 2010). Microbial biomass carbon 
(Cmic) was determined by the fumigation-extraction method according to (Vance et al., 1987a). 
Organic C in the fumigated and non-fumigated extracts was determined in a TOC analyzer. The 
microbial biomass C was calculated as Cmic=EC/kEC, where EC is the difference between organic 
C extracted from fumigated soils and organic C extracted from non-fumigated soils and kEC is a 
constant. For soils with pH > 4.5, kEC is 0.45 and when pH<4.5, kEC = 0.30 (Vance et al., 1987b; 
Joergensen, 1996). 
1.2.5. Statistical approach 
All analytical determinations were performed in triplicate and the obtained data were 
statistically treated with the program SPSS 15.0 for Windows. Statistical analyses were 
performed by splitting the data from the settling pond soils from the mine tailing, because the 
characteristics of the control soils at each zone are significantly different. Analyses of variance 
(ANOVAs) and test of homogeneity of variance were carried out. In case of homogeneity, a 
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post-hoc least significant difference (LSD) test was carried out. Otherwise Dunnett’s T3 test 
was performed. The Mann-Whitney test was done when data were not parametric. An 
independent t-test was done to compare each control soil (B1 or M1) with their respective 
analogous (B4Bw or M2Bv). A correlated bivariate analysis was carried out from all soil 
samples in each zone. 
Factor analysis was used to group the variables into statistical factors based on their 
correlation structure (Imaz et al., 2010). Principal component analysis (PCA) was used as the 
method of factor extraction (Brejda et al., 2000). The data set of possible soil quality indicators 
included stoniness, pH, PD, BD, Al
3+
, CECe, MWD, WSA, SOC, CHA, CFA, TN, ammonium, 
nitrates, Olsen P, Cmic, clay, Al CaCl2, Ca CaCl2, Cu CaCl2, K CaCl2, Mg CaCl2, Mn CaCl2, Ni 
CaCl2, Zn CaCl2, total Cu, total Ni, total Pb and total Zn. We selected these 30 variables from a 
larger data set based on their relevance in the quality of the studied soils. To eliminate the effect 
of different units of variables, the PCA was done using the correlation matrix on the 
standardized values of the measured soil properties (Shukla et al., 2006). The principal 
components (PC) obtained had eigenvalues > 1 and were subjected to Varimax rotation with 
Kaiser. The variables selected to the minimum data set (MDS) to elaborate the soil quality index 
(SQI) were the highest weighted from each PC. We defined highly weighted as that within 10% 
of the highest factor loading (using absolute values) (Andrews et al., 2002b). When more than 
one variable was retained within a PC, we calculated their correlations to determine whether the 
variables could be considered redundant and, therefore, eliminated from the MDS (Andrews et 
al., 2002b). If the highly weighted variables were not significantly (P<0.05) correlated or the 
correlation was considered spurious (significantly affected by the reclamation treatments), then 
each was considered important and was retained in the MDS. The scores of each selected MDS 
variable were then summed for each soil to obtain the soil quality index (SQI), based on the 
equation proposed by (Amacher et al., 2007) as follows: 
 (1) 
Thus, missing characteristics do not contribute to the index. The highest score of the 
index is 100%, which indicates very high soil quality. Scores around 0 or negative indicates 
very low quality. 
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1.3. Results 
1.3.1. Selection of soil characteristics from settling pond soils 
Eigenvalues from the covariance analysis indicated that the first three principal 
components (PC1, PC2 and PC3) accounted for 96% of the variance of data (Table 6.2). The 
variables within 10% of the highest factor loadings were 23: stoniness, pH, Al
3+
, CECe, MWD, 
SOC, humin C, CHA, CFA, TN, ammonium, nitrates, Olsen P, clay, Ca CaCl2, K CaCl2, Mg 
CaCl2, Mn CaCl2, Ni CaCl2, Zn CaCl2, total Ni, pseudototal Pb and total Zn (Table 6.2). Possible 
redundancy among the selected variables from each PC was checked through bivariate 
correlation analysis (data not shown). Although all of pairs of variables were highly 
significantly correlated (P < 0.01), most correlations were spurious because they were 
significantly (P < 0.05) influenced by the reclamation treatments (data not shown). Therefore, 
only the variables no spuriously correlated were deleted from the selection for the equation. 
1.3.2. Soil quality index for reclaimed settling ponds 
The selected characteristics for the settling pond SQI were: stoniness, pH, Al
3+
, CECe, 
MWD, SOC, humin C, CHA, CFA, TN, clay, K CaCl2, Mn CaCl2, Ni CaCl2, Zn CaCl2, 
pseudototal Ni and Pb. The percentage of SQI for settling pond soils should be calculated by 
summing up the scores of these selected variables (see Table 6.3 for scores), dividing by the 
maximum possible SQI and multiplying by 100. 
1.3.3. Soil quality index of the settling pond sites 
The highest % SQI at the settling pond zone was found at the topsoil of the site amended 
for five months, B4Aw (Table 6.4). On the contrary, the subsuperficial horizon at that site had 
the SQI much lower (36% less) and more similar to the untreated (B1). In fact, B1 showed the 
lowest SQI. The two vegetated sites (B2v and B3v) showed the same % SQI among them, 
despite the difference in the time of treatment (6 years versus 21). Moreover, the SQI of the 
vegetated sites was almost 30% lower than in B4Aw. 
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Table 6.2. The component score coefficients matrix from the PCA and communalities of each 
variable for the settling pond and the mine tailing samples. 
Variable 
 Settling pond  Mine tailing 
 PC1 PC2 PC3  PC1 PC2 PC3 PC4 
Stoniness  0.985 0.164 -0.050  0.258 -0.299 -0.868 0.296 
pH  0.957 0.195 0.201  0.011 0.970 0.102 0.200 
PD  -0.892 -0.385 0.183  -0.864 -0.502 -0.012 -0.009 
BD  -0.624 0.008 -0.674  -0.274 -0.287 0.917 -0.019 
Al
3+
  -0.938 0.192 -0.274  -0.388 -0.703 -0.435 -0.397 
CECe  0.982 -0.122 0.111  0.318 0.833 -0.266 0.357 
MWD  0.986 0.159 0.002  0.347 -0.544 -0.370 0.658 
WSA  0.556 0.806 -0.065  0.295 0.440 -0.100 0.793 
SOC  0.992 -0.033 0.097  0.578 0.791 -0.168 0.088 
Humin  0.991 -0.052 0.096  0.012 0.967 -0.238 0.035 
CHA  0.988 -0.092 0.100  0.975 0.159 -0.073 0.126 
CFA  0.995 0.013 0.077  0.982 0.177 0.034 0.011 
TN  0.989 -0.008 0.133  0.973 0.050 -0.162 0.156 
Ammonium  0.981 -0.124 0.123  0.785 -0.030 -0.062 0.062 
Nitrates  -0.103 0.883 0.115  0.075 0.629 0.287 -0.214 
Olsen P  0.974 -0.148 0.148  0.807 0.327 -0.397 0.290 
Cmic  0.780 0.570 0.044  0.940 0.011 -0.187 0.171 
Clay  0.994 -0.049 0.086  -0.416 0.255 0.872 -0.009 
Al CaCl2  -0.870 0.466 -0.155  -0.367 -0.532 0.296 -0.695 
Ca CaCl2  0.919 -0.209 0.263  0.151 0.939 -0.040 0.301 
CuCaCl2  -0.718 -0.598 0.083  -0.035 0.082 0.810 -0.574 
K CaCl2  0.991 0.059 0.113  0.703 0.699 -0.036 0.105 
Mg CaCl2  0.977 -0.120 0.159  0.884 0.169 -0.199 0.384 
Mn CaCl2  -0.239 0.856 -0.123  0.974 -0.072 0.060 0.201 
Ni CaCl2  -0.265 0.899 -0.155  0.586 -0.078 0.802 -0.059 
Zn CaCl2  0.076 -0.275 0.938  0.998 -0.015 0.051 0.034 
Pseudototal Cu  0.557 -0.773 0.229  -0.023 -0.128 0.678 -0.719 
Pseudototal Ni  0.376 0.869 -0.110  -0.011 0.953 0.229 -0.172 
Pseudototal Pb  0.990 0.076 0.055  0.905 0.231 -0.309 0.159 
Pseudototal Zn  0.991 -0.021 0.101  0.945 0.298 -0.047 -0.065 
Note: values in bold are within 10% of the highest factor loading from their PC. 
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1.3.4. Selection of soil characteristics from mine tailing soils 
Eigenvalues from the covariance analysis indicated that the first four principal 
components (PC1, PC2, PC3 and PC4) accounted for 96.3% of the variance of data (Table 6.2). 
The variables within 10% of the highest factor loadings were 17: stoniness, pH, BD, WSA, 
humin C, CHA, CFA, TN, Cmic, clay, Ca CaCl2, Mn CaCl2, Zn CaCl2 and pseudototal Ni, Pb and 
Zn (Table 6.2). Possible redundancy among the selected variables from each PC was checked 
through bivariate correlation analysis (data not shown). Although all of pairs of variables were 
highly significantly correlated (P < 0.01), most correlations were spurious because they were 
significantly (P < 0.05) influenced by the reclamation treatments. 
Table 6.3. Soil characteristics that are indicators of soil quality with their score for the quality 
index based on the interpretation of the level. 
Indicator Level Interpretation Score Source 
Stoniness 
(% volume) 
≤ 5 Inadequate 0 
FAO (2006b) 5-40 Adequate levels 1 
≥ 40 Possible adverse effects -1 
pH 
< 3.5 Very extreme acidity -1 
USDA (1998); 
Amacher et al. 
(2007) 
3.5-4.4 Extreme acidity 0 
4.5-5.0 Very strong acidity 1 
5.1-5.5 Strong acidity 1 
5.6-6.0 Moderate acidity 2 
6.1-6.5 Slight acidity 2 
6.6-7.3 Neutral 2 
7.4-7.8 Slight alkalinity 1 
7.9-8.4 Moderate alkalinity 1 
> 8.5 Strong alkalinity 0 
BD (g cm
-3
) 
≤ 1.1 Loose soil 0 
Troeh and 
Thompson (2005b) 
1.1-1.5 Adverse effects unlikely 1 
≥ 1.5 Compacted soil 0 
Al
3+
 
(cmol (+) kg
-1
) 
< 1 Very low, probably alkalinity 1 
Amacher et al. 
(2007) 
1-10 Low, adverse effects unlikely 2 
11-100 
Moderate, only Al sensitive species 
are affected 
1 
> 100 High, adverse effects by acidity 0 
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Table 6.3. (cont.) Soil characteristics that are indicators of soil quality with their score for the 
quality index based on the interpretation of the level. 
Indicator Level Interpretation Score Source 
CECe 
(cmol (+) kg
-1
) 
< 9 Insufficient 0 Masto et al. 
(2007) ≥ 9 Adequate 1 
MWD (mm) 
< 0.8 Physical instability -1 
Le Bissonnais 
(1996) 
0.8-1.3 Medium physical stability 0 
> 1.3 Adequate physical stability 1 
WSA (%) 
< 65 
Low resistance to disturbance by 
flowing water 
0 Kemper 
(1966); USDA 
(2001) > 65 
Adequate resistance to disturbance 
by flowing water 
1 
SOC (g kg
-1
) 
< 24 Low 0 
De Blas et al. 
(2010) 
24-60 Moderate / adequate 1 
> 60 High 2 
Humin C 
(g kg
-1
) 
< 5 Low 0 
De Blas et al. 
(2010) 
5-8 Adequate 1 
> 8 High 2 
CFA (g kg
-1
) 
< 10 Low 0 
De Blas et al. 
(2010) 
10-14 Adequate 1 
> 14 High 2 
CHA (g kg
-1
) 
< 9 Low 0 
De Blas et al. 
(2010) 
9-38 Adequate 1 
> 38 High 2 
Total N 
(mg kg
-1
) 
< 20 Insufficient 0 Madeira and 
Pereira 
(1990); Marx 
et al. (1999) 
20-1000 Adequate for some species 1 
1000-1500 Adequate for most species 2 
> 1500 High, excellent reserve 2 
Cmic (mg kg
-1
) 
< 560 
Low, inadequate OM and nutrient 
turnover 
0 
Diaz-Raviña 
et al. (1995) 560-880 Adequate OM and nutrient turnover 1 
> 880 High, reserve of OM and nutrients 2 
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Table 6.3. (cont.) Soil characteristics that are indicators of soil quality with their score for the 
quality index based on the interpretation of the level. 
Indicator Level Interpretation Score Source 
Clay (%) 
< 15 Low 0 Masto et al. 
(2007) ≥ 15 Adequate 1 
Ca CaCl2-ext 
(mg kg
-1
) 
< 10 
Very low, severe Ca depletion, 
adverse effects 
-1 
Amacher et al. 
(2007) 
10-100 Low, adequate only for some species 0 
101-1000 Moderate, adequate for most species 1 
> 1000 High, excellent reserve 2 
K CaCl2-ext 
(mg kg
-1
) 
< 8 Low, possible deficiencies 0 Madeira and 
Pereira (1990); 
Marx et al. 
(1999); Amacher 
et al. (2007) 
8-100 Adequate only for some species 0 
100-500 Moderate, adequate for most species 1 
500-800 High, excellent reserve 2 
> 800 Excessive 0 
Mn CaCl2-
ext (mg kg
-1
) 
< 1 Very, deficiencies more likely -1 
Amacher et al. 
(2007) 
1-10 
Low, possible deficiencies for most 
species 
0 
11-100 Moderate, adequate for most species 1 
> 100 High, possible toxicity to most spp. -1 
Ni CaCl2-ext 
(mg kg
-1
) 
< 75 Toxicity effects unlikely 0 Macías and Calvo 
de Anta (2009) > 75 Toxicity assured for most species -1 
Zn CaCl2-ext 
(mg kg
-1
) 
< 1 Very, deficiencies more likely -1 
Amacher et al. 
(2007); Macías 
and Calvo de 
Anta (2009) 
1-10 
Low, possible deficiencies for most 
species 
0 
10-200 Moderate, adequate for most species 1 
> 200 High, possible toxicity to most spp. -1 
Pseudototal 
Ni (mg kg
-1
) 
< 75 Toxicity effects unlikely 0 Macías and Calvo 
de Anta (2009) > 75 Toxicity assured for most species -1 
Pseudototal 
Pb (mg kg
-1
) 
< 80 Toxicity effects unlikely 0 Macías and Calvo 
de Anta (2009) > 80 Toxicity assured for most species -1 
Pseudototal 
Zn (mg kg
-1
) 
< 200 Toxicity effects unlikely 0 Macías and Calvo 
de Anta (2009) > 200 Toxicity assured for most species -1 
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1.3.5. Soil quality index for reclaimed mine tailings 
The selected characteristics for the mine tailing SQI were: stoniness, pH, BD, WSA, 
humin C, CHA, CFA, TN, Cmic, Ca CaCl2, Mn CaCl2, Zn CaCl2, pseudototal Pb and pseudototal 
Zn. The SQI for mine tailing soils should be calculated by summing up the scores of these 
selected variables (see Table 6.3 for scores), dividing by the maximum possible SQI and 
multiplying by 100. 
Table 6.4. Soil quality index (SQI) of the settling pond sites with the values (V) and scores (S) 
of the variables selected for the index. 
Indicator 
B1 B2v B3v B4Aw B4Bw 
V S V S V S V S V S 
Stoniness (%) 20.1d 1 34.9b 1 30.9c 1 81.2a -1 11.3e 1 
pH H2O 3.8d 0 4.8b 1 4.7b 1 6.9a 2 4.3c 0 
Al
3+
 (cmol kg
-1
) 1.74b 2 1.51c 2 1.84a 2 u.l. 1 1.39d 2 
CECe (cmol kg
-1
) 2.1b 0 2.5b 0 2.4b 0 58.4a 1 2.2b 0 
MWD (mm) 1.21d 0 2.04b 1 1.98c 1 4.85a 1 0.94e 0 
SOC (g kg
-1
) 1.4d 0 10.4b 0 11.1b 0 112a 2 1.5c 0 
Humin C (g kg
-1
) 0.51d 0 4.23c 0 4.64b 0 59.55a 2 0.30e 0 
CFA (g kg
-1
) 0.65c 0 2.04b 0 2.00b 0 12.30a 1 0.47c 0 
CHA (g kg
-1
) 0.89c 0 2.16b 0 1.89b 0 36.60a 1 0.68c 0 
TN (mg kg
-1
) 140d 1 580b 1 580b 1 3710a 2 320c 1 
Clay (%) 9.5d 0 11.1b 0 10.3c 0 26.1a 1 9.2e 0 
K (CaCl2-ext.)
 
21.7e 0 91.25b 0 64.6c 0 333a 1 33.5d 0 
Mn (CaCl2-ext.) 2.15d 0 22.10b 1 61.1a 1 4.04c 0 3.72c 0 
Ni (CaCl2-ext.) u.l. 0 0.20b 0 0.43a 0 u.l. 0 u.l. 0 
Zn (CaCl2-ext.) u.l. -1 0.19cd -1 0.40c -1 0.88b -1 1.61a 0 
Pseudototal Ni 16.19c 0 66.73a 0 55.57b 0 50.48b 0 15.64c 0 
Pseudototal Pb 19.05c 0 31.90bc 0 32.11b 0 97.11a -1 16.96c 0 
SQI (%) 13.64d 27.27b 27.27b 54.55a 18.18c 
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1.3.6. Soil quality index of the mine tailing sites 
The highest % SQI at the mine tailing zone was found at the site amended for six months, 
M3w (Table 6.5). The lowest SQI was observed again at the untreated site (M1), which value 
was even zero at this mine zone. The second highest SQI was found at the topsoil of the 
vegetated site (M2Av). The subsuperficial horizon at this site (M2Bv) had much lower SQI than 
the topsoil, but increased the value 21% respect to the untreated soil. The site with both tree 
vegetation and waste amendment (M4vw) had lower SQI than the sites with only one treatment 
(M2Av and M3w). Nevertheless, the use of both treatments increased 26% the quality of the 
mine tailing soil. 
Table 6.5. Soil quality index (SQI) of the mine tailing sites with the values (V) and scores (S) 
of the variables selected for the index. 
Indicator 
M1 M2Av M2Bv M3w M4vw 
V S V S V S V S V S 
Stoniness (%) 53.1b -1 22.9e 1 41.1d -1 56.2a -1 46.8c -1 
pH H2O 3.6e 0 6.6b 2 5.2d 1 5.8c 2 8.2a 1 
BD (g cm
-3
) 1.1b 0 1.9a 0 1.9a 0 0.9c 0 0.8d 0 
WSA (%) 49.13b 0 58.37a 0 76.92a 1 83.62a 1 83.84a 1 
Humin C (g kg
-1
) 3.92d 0 17.95b 2 3.93d 0 16.10c 2 37.94a 2 
CFA (g kg
-1
) 0.60d 0 6.14b 0 0.90d 0 13.97a 1 2.66c 0 
CHA (g kg
-1
) 0.87e 0 6.67b 0 2.00d 0 21.11a 1 4.71c 0 
TN (mg kg
-1
) 250d 1 740b 1 280d 1 3700a 2 600c 1 
Cmic (mg kg
-1
) 7.6e 0 64.2b 0 12.5d 0 669a 1 53.1c 0 
Ca (CaCl2-ext.)
 
159d 1 1106b 2 761c 1 1210b 2 1929a 2 
Mn (CaCl2-ext.) 1.92d 0 56.04b 1 40.72c 1 208a -1 2.59d 0 
Zn (CaCl2-ext.) 0.83d -1 9.17b 0 1.68c 0 26.8a 1 u.l. -1 
Pseudototal Pb 19.31d 0 24.75c 0 16d 0 71.04a 0 34.38b 0 
Pseudototal Zn 78.19c 0 176b 0 59.69c 0 307a -1 135b 0 
SQI (%) 0 47.37b 21.05d 52.63a 26.32c 
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1.4. Discussion 
1.4.1. Minimum data set for the soil quality indexing of reclaimed mines 
Most selected characteristics for the SQI of reclaimed settling ponds or mine tailings, 
such as pH, total N concentration or clay percentage (Tables 6.4 and 6.5), are usually selected 
for other type of soils. Variables related to carbon fractions (humin C, CHA and CFA) were also 
selected as soil quality indicators for both mine zones. However, other variables are 
characteristic of soils at metal mines and amended with sewage sludges, such as the 
concentration of several metals. 
Although we initially expected that some variable related to Cu, such as pseudototal Cu, 
had been selected for the SQI of copper mine soils they no were. This could be due to, given the 
high Cu concentration in all analyzed soils (in the reclaimed ones as well) even with remarkably 
different values among them, Cu variations appear to be not sufficiently relevant in the PCA to 
modify significantly their quality assessments. However, that does not mean that copper is not 
considered at all, since it is strongly correlated with several soil variables included in the SQI 
and, therefore, represented by them. In the case of the SQI for settling pond soils, copper 
concentrations are represented by soil pH, CECe, SOC, humin C and clay. In the SQI for mine 
tailings, copper is represented by soil pH. This fact additionally offers an evidence of the 
robustness of the method used for calculating the SQI of highly polluted soils. 
1.4.2. Soil quality in the settling pond sites 
The percentage of soil quality index (% SQI) was very low in the untreated settling pond 
site (B1), since most soil quality indicators showed zero or negative score (Table 6.4). The 
application of both type of reclamation treatments (plantation of pines and eucalyptus or amend 
with wastes) significantly increased the SQI at the settling pond. The treatment that most 
increased the quality was amending with wastes because it increased soil pH, CECe, MWD, 
concentrations of all chemical forms of soil organic C, total N concentration, clay percentage 
and phytoavailable K concentration (Table 6.4). The increase of all these variables was due to 
the characteristics of the used wastes (sewage sludges and paper mill residues). The treatment 
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consisting on planting trees also increased the quality of the settling pond soil, although less 
than amending with wastes. The SQI increased by vegetating with trees basically due to the 
increase in soil pH, MWD and CaCl2-extractable Mn. There was no difference of % SQI among 
the two vegetated sites, despite one was vegetated for 6 years and another for 21. It is probable 
that just by planting pines or eucalyptuses it is no possible to increase the quality of settling 
pond soils as high as by amending with wastes, although more studies at field conditions should 
support this hypothesis. 
1.4.3. Soil quality in the mine tailing sites 
The percentage of soil quality index was also very low in the untreated mine site at the 
mine tailing zone (M1), because most soil quality indicators showed zero or negative value 
(Table 6.5). The application of both type of reclamation treatments significantly increased the 
SQI also at this mine zone, and the treatment that most increased this index was again the recent 
addition of wastes (M3w site). However, the site with both trees and wastes for 10 years showed 
lower SQI than the sites with only one treatment. The use of reclamation treatments (alone or in 
combination) increased the SQI of mine tailing because they increased pH, WSA, humin C and 
CaCl2-extractable Ca concentrations. In addition, the recently amended site (M3w) increased the 
concentration of CaCl2-extractable Zn, CFA, CHA, TN, and Cmic. 
1.4.4. Comparison of reclamation treatment effects among both mine zones 
The application of waste amendments to mine soils was the treatment that most increased 
the SQI in both the settling pond and the mine tailing, but its effect was different in each zone 
(Tables 6.4 and 6.5). The soil characteristics that more contributed to increase the SQI after 
waste amending were pH, CECe, CaCl2-extractable K, Ca and Zn, clay, MWD, WSA, all 
chemical forms of organic C, total N and Cmic. However, all these variables were not selected 
for the SQI of both mine zones. The variables CECe, CaCl2-extractable K, clay and MWD were 
only selected for the SQI of settling pond soils. On the other hand, WSA, CaCl2-extractable Ca 
and Cmic were only selected for mine tailing soils. This is because the variables selected only for 
the settling pond SQI showed higher increase at this mine zone after waste amendments than at 
CHAPTER 6 
230 
the mine tailing. At the same time, those selected only for the mine tailing increased more their 
values at this mine zone. 
The plantation of trees also increased the SQI at both mine zones and, as the other 
reclamation treatment, influenced differently in each zone. The scores of pH and CaCl2-
extractable Mn at the vegetated sites contributed to increase the SQI at both mine zones. Humin 
C concentration of the vegetated sites, although it was selected for both SQI, only contributed to 
increase the index in the mine tailing. The MWD was only selected for the settling pond SQI 
because its value increased more at the vegetated site in this mine zone; while WSA and CaCl2-
extractable Ca in the vegetated mine tailing site.  
1.5. Conclusions 
The development of a soil quality index (SQI) by summing up the scores of the minimum 
data set (MDS) selected through a principal component analysis (PCA) is a valid and useful tool 
for assessing the quality of any type of soil. Such index developed for settling pond soils 
reclaimed by planting trees and amending with wastes showed that their quality should be 
determined by analyzing several physico-chemical characteristics and metal concentrations. To 
determine the quality of mine tailing soils reclaimed with the same treatments should be also 
analyzed several characteristics and metal concentrations, but microbial biomass C as well. 
According to the SQI established for each mine soil, the untreated sites had very low 
quality and the treated sites showed significantly higher index. The reclamation treatment that 
more increased the SQI of the mine soils was the addition of wastes. However, we recommend 
periodically addition of sewage sludges and paper mill residues to degraded sites because they 
increase the quality of soils but this effect decrease over time. 
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Los resultados de las características físicas, químicas y biológicas de los suelos que son 
susceptibles de indicar la calidad de los mismos se han mostrado en los capítulos del 1 al 5. En 
el capítulo 6 se explica cómo se crearon las ecuaciones para calcular el índice de calidad esos 
suelos a partir de una selección de características explicadas en los capítulos previos. Con el 
propósito de hacer lo más entendible posible la discusión general de todos esos capítulos, a 
continuación se muestra la discusión por separado de la calidad física (Chapter 1), la química 
(Chapters 2 & 4) y la biológica (Chapters 3 & 5). Finalmente, se discute la propuesta de un 
índice de calidad elaborado para suelos de balsa de flotación y de escombrera que tuvieron 
tratamientos de recuperación consistentes en plantar árboles y enmendar con residuos (Chapter 
6). 
1. Calidad física de suelos (Chapter 1) 
1.1. Punto de partida: calidad física de los suelos sin tratamiento 
El porcentaje de pedregosidad fue bajo en el suelo la balsa sin tratamiento de 
recuperación (B1), pero bastante elevado en el de la escombrera (M1) (Tabla 1.2). Los dos 
suelos sin tratamiento tenían un elevado porcentaje de arena en su fracción mineral (Tabla 1.2). 
La densidad real (Dr) de B1 y M1 fue superior a la habitual en suelos no degradados, donde es 
alrededor de 2,65 g cm
3
 (Troeh and Thompson, 2005b). La densidad aparente (Da) de B1 indica 
que este suelo estaba compactado (Troeh and Thompson, 2005b). Por el contrario, M1 estaba 
suelto de acuerdo con el valor indicado por dichos autores. El diámetro medio ponderado 
(DMP) de B1 indica que tenía una estabilidad física media de acuerdo con los baremos 
propuestos por Le Bissonnais (1996), mientras que M1 tenía una estructura física estable. El 
porcentaje de agregados estables al agua fue bajo en ambos suelos control (Tabla 1.2). El índice 
de estabilidad de los suelos (IE) propuesto por Pieri (1992) para valorar su riesgo de 
degradación estructural indica que los suelos sin tratamiento estaban degradados 
estructuralmente (Tabla 1.2). 
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1.2. Efecto de la vegetación arbórea 
Plantar pinos o eucaliptos en la mina (suelos B2v, B3v y M2v) aumentó 
significativamente el porcentaje de fracción arcilla de sus suelos (Tabla 1.2), probablemente 
porque las raíces favorecieron la alteración del material de partida y la cubierta vegetal atenuó la 
lixiviación de las partículas más finas del suelo. Además, este tratamiento de recuperación 
disminuyó significativamente la Dr hasta un valor menor de 2,65 g cm
-3 
(Troeh and Thompson, 
2005b). También disminuyó significativamente la Da en la zona de la balsa, pero la aumentó en 
la escombrera (Tabla 1.2). El DMP indicó que los suelos vegetados seguían teniendo una 
estructura física estable (Le Bissonnais, 1996). El índice de estabilidad de los suelos (IE) indica 
que los suelos vegetados de la balsa (B2v y B3v) estaban degradados estructuralmente. Esto 
indica que el tratamiento consistente en plantar pinos no fue efectivo para mejorar la estabilidad 
física del suelo de la balsa, al menos en un periodo de 20 años. Sin embargo, sí lo fue en la zona 
de escombrera 
1.3. Efecto de las enmiendas elaboradas con residuos 
El porcentaje de pedregosidad incrementó en los suelos enmendados con residuos (B4Aw 
y M3w) con respecto a los suelos de mina sin tratamiento (B1 y M1) (Tabla 1.2), lo cual fue 
debido al uso de residuos con fragmentos mayores de 2 mm de diámetro. No obstante, los 
suelos enmendados tenían una proporción de arcilla significativamente superior a los suelos no 
tratados, debido a la granulometría de los residuos utilizados para enmendar (Tabla 1.2). Este 
tratamiento de recuperación de los suelos también disminuyó la Dr a un valor inferior a 2,65 g 
cm
-3
. De hecho, en la zona de la balsa, enmendar con residuos fue el tratamiento que más la Da 
y, por tanto, incrementó la porosidad, lo cual favoreció la aireación de los suelos. En la zona de 
la escombrera, este tratamiento también disminuyó la Da (Tabla 1.2). El DMP indicó que los 
suelos enmendados seguían teniendo una estructura física estable (Le Bissonnais, 1996), 
excepto el horizonte subsuperficial del enmendado en la balsa (B4Bw), ya que la enmienda no 
fue mezclada con el suelo de la mina y solo habían pasado 5 meses desde su aplicación. En el 
suelo enmendado en la balsa (B4Aw), el mayor DMP puede ser debido a su mayor 
concentración de C orgánico total (COT), ya que se obtuvo una elevada correlación positiva 
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entre ambas características (P < 0.01). Además, otros autores habían observado previamente un 
aumento de DMP al aumentar la concentración de COT (Celik et al., 2010). El DMP de los 
suelos de la balsa también esta correlacionado positivamente (P < 0.01) con el pH del suelo, 
probablemente porque en los suelos con elevado pH se suelen formar mayor cantidad de 
agregados grandes que en los de bajo pH (Boix-Fayos et al., 2001). En los suelos de la 
escombrera, el DMP estaba correlacionado significativamente con la pedregosidad y el 
porcentaje de arena (P < 0.01). El porcentaje de agregados estables al agua incrementó en todos 
los suelos tratados con respecto a su suelo control. Esto es debido al incremento de la 
concentración de COT en los suelos con tratamiento, ya que se ha demostrado previamente que 
el C orgánico aumenta la resistencia de los agregados a la degradación estructural (Tisdall and 
Oades, 1982). El índice de estabilidad de los suelos enmendados fue significativamente superior 
al de los no tratados (Tabla 1.2), indicando que este tratamiento aumenta la estabilidad 
estructural de los suelos de mina. 
1.4. Efecto del uso combinado de árboles y residuos 
El suelo vegetado con árboles y enmendado con residuos, M4vw, tenía un porcentaje de 
arcilla significativamente superior al suelo no tratado (M1), indicando que el uso combinado de 
ambos tratamientos también favorece que el suelo de la mina sea más arcilloso. Además, este es 
el único tratamiento que aumentó significativamente la porosidad del suelo de la escombrera y 
el que más disminuyó su Da (Tabla 1.2). El uso de ambos tratamientos también aumentó 
significativamente el DMP del suelo de la escombrera, así como su índice de estabilidad. 
2. Calidad química de los suelos (Chapters 2 & 4) 
2.1. Punto de partida: calidad química de los suelos sin tratamiento 
Los suelos B1 y M1 tenían una concentración elevada de Al
3+
 y baja de cationes básicos, 
lo cual provocó un pH extremadamente ácido en ellos (USDA, 1998) y baja capacidad de 
intercambio catiónico efectiva y total (CICe y CICt) (Tabla 4.2). Además, estos suelos estaban 
contaminados por Cr y Cu porque sus concentraciones pseudototales estaban por encima del 
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valor umbral de contaminación para suelos gallegos (Macías and Calvo de Anta, 2009) (Tabla 
2.3). Las concentraciones de Ni, Pb y Zn estaban por debajo de los valores umbral. Las elevadas 
concentraciones de Cr y Cu no supondrían un problema medioambiental hoy en día en la zona 
de Touro, porque las concentraciones de esos metales en forma fitodisponible y extraíble de las 
fracciones móviles del suelo (F1+F2+F3) estaban por debajo del límite de contaminación 
(Macías and Calvo de Anta, 2009) (Tablas 2.3 y 2.4). No obstante, es importante estudiar si los 
tratamientos aplicados en la mina disminuyeron o aumentaron la biodisponibilidad de esos 
metales para prevenir futuros problemas medioambientales. Los metales retenidos en fracciones 
no móviles pueden pasar a estar biodisponibles si cambian las condiciones del suelo. 
Cobre y zinc son micronutrientes y suelen estar en concentraciones insuficientes para las 
plantas, por lo que es importante comprobar su concentración en forma fitodisponible. Las 
concentraciones de Cu en forma fitodisponible (extraíble con CaCl2) en B1 y M1 eran 
adecuadas para la mayoría de especies vegetales (Marx et al., 1999) (Tabla 4.3). Sin embargo, la 
concentración de Zn fitodisponible solo era adecuada en M1, en B1 era demasiado baja (Marx et 
al., 1999). El manganeso es otro micronutriente que también suele estar en baja concentración 
en los suelos, aunque en el caso de B1 y M1 estaba en concentraciones óptimas para la mayoría 
de las plantas.  
En cuanto a los contenidos de macronutrientes (N, P, K, Ca y Mg), en el suelo B1 había 
concentraciones de N y K suficientes para P. pinaster y E. globulus (Tabla 4.3), ya que los 
requerimientos nutricionales de esas especies son mucho menores que el de la mayoría de las 
plantas (Madeira and Pereira, 1990; Fölster and Khanna, 1997). De hecho, las concentraciones 
eran insuficientes para la mayoría de las especies vegetales (Marx et al., 1999). Las 
concentraciones de Ca, Mg y P también eran insuficientes para casi todas las especies, incluidos 
pinos y eucaliptos. El suelo de la escombrera (M1) tenía una concentración apropiada de N, K, 
Ca y Mg para pinos y eucaliptos, pero la de P en forma fitodisponible seguía siendo indetectable 
y las de los demás macronutrientes insuficiente para la mayoría de las plantas. La relación C/N 
era mayor de 30 en B1 y M1 (Tabla 4.3), lo que indica que en esos suelos predomina el proceso 
de mineralización de nitrógeno (Zechmeister-Boltenstem and Zechmeister-Boltenstem, 2007). 
Esto es beneficioso para los organismos que habitan en los suelos porque el N se está 
transformando en formas que pueden asimilar (formas inorgánicas). Sin embargo, la escasa 
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concentración de N orgánico, los escasos aportes que pueden recibir de esa forma de N y la 
relación C/N indica que este nutriente se agotará en un breve periodo de tiempo en B1 y M1. 
2.2. Efecto de la vegetación arbórea 
Plantar pinos o eucaliptos en los suelos de la mina (B2v, B3v y M2v) aumentó 
significativamente su pH hasta un nivel menos ácido (Tabla 2.2). La CICe solo incrementó 
significativamente en el suelo vegetado en la escombrera (M2v) porque tenía mayor 
concentración de cationes básicos que los vegetados en la balsa. 
Los sitios vegetados en ambas zonas de la mina tenían menor concentración pseudototal 
de Cr y Cu que sus respectivos suelos control (Tabla 2.3). La concentración de estos metales en 
cada una de las fracciones del suelo (F1-F6) también disminuyó al plantar árboles, pero sin 
embargo aumentó su factor de movilidad (Tabla 2.4). Esto sugiere que Cr y Cu se han ido 
movilizando de las fracciones menos móviles a las más móviles. Este proceso puede ser debido 
a la actividad de las raíces, ya que sus exudados son capaces de movilizar nutrientes (Kabata-
Pendias, 1993). Una vez movilizados, los metales pudieron haberse perdido por lixiviado y el 
cobre incluso haber sido tomado por las plantas. La concentración fitodisponible de Cu era 
apropiada para la mayoría de las especies vegetales en los suelos vegetados en la balsa, pero no 
en el de la escombrera, donde era tan elevada que superaba el límite de contaminación. En 
cuanto a las concentraciones pseudototales de Ni, Pb y Zn, éstas fueron mayores en los suelos 
vegetados que en los control. Los suelos vegetados tenían la mayor parte de estos metales en su 
fracción residual (Figura 2.2), lo cual indica que estaban retenidos en la fracción arcilla y, como 
la vegetación ha evitado la pérdida por lixiviación o erosión de esta fracción fina, estos suelos 
han retenido mayor concentración de estos metales que los no tratados. Esto también indica que 
Ni, Pb y Zn no eran tan fácilmente movilizables como Cr y Cu. Esta predisponibilidad a la 
movilidad podría deberse a las uniones químicas de los metales con las distintas fracciones del 
suelo, ya que no estuvo correlacionada significativamente (P < 0.05) con el pH, el porcentaje de 
arcilla o los carbonatos. A pesar de la baja concentración de Zn en forma móvil, su 
concentración en forma fitodisponible era apropiada para la mayoría de las plantas (Marx et al. 
1999). 
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El tratamiento de recuperación consistente en plantar árboles no fue muy efectivo para 
incrementar las concentraciones de macronutrientes en los suelos de la mina. Solamente 
aumentaron la de Mg hasta niveles óptimos solo para pinos y eucaliptos en la zona de la balsa 
(Tabla 4.3). La relación C/N en B2v y B3v indica que siguió predominando el proceso de 
mineralización del nitrógeno en el suelo de la balsa incluso tras haber sido vegetado. Como la 
concentración de N orgánico también era baja en esos suelos vegetados, es probable que la 
fuente de este nutriente se agote en poco tiempo. En el  horizonte subsuperficial del suelo 
vegetado en la escombrera (M2Bv) el C/N era óptimo, lo que indica equilibrio entre el proceso 
de mineralización y el de inmovilización. Esto puede ser debido a la mayor concentración de 
COT en el suelo vegetado de la escombrera en comparación con los de la balsa. 
2.3. Efecto de las enmiendas elaboradas con residuos 
Añadir residuos a los suelos de mina (B4Aw y M3w) aumentó su pH incluso hasta ser 
alcalino (Tabla 4.2). También aumentó su CICe porque incrementó su concentración de cationes 
básicos y disminuyó la de aluminio intercambiable. 
Los suelos enmendados tenían una concentración pseudototal de Cr por debajo del límite 
de contaminación, pero la de cobre aún seguía por encima del límite (Macías and Calvo de 
Anta, 2009) (Tabla 1.3). En el suelo enmendado de la balsa (B4Aw) incluso aumentó la 
concentración de Cu con respecto a B1, pero en el de la escombrera (M3w) disminuyó 
significativamente con respecto a M1. El cobre de los suelos enmendados proviene de los 
residuos añadidos, y la diferencia de concentración entre los dos (B4Aw y M3w) es debido a la 
heterogeneidad de la composición de los residuos entre los distintos lotes de producción. A 
pesar de la elevada concentración pseudototal de Cu en los suelos enmendados, sus 
concentraciones en las fracciones móviles y en forma extraíble con CaCl2 (fitodisponible) 
fueron muy bajas (Tabla 4.3), aunque suficientes para la nutrición óptima de la mayoría de las 
plantas. En cuanto a las concentraciones pseudototales de Ni, Pb y Zn en los suelos 
enmendados, éstas fueron bastante elevadas (Tabla 1.3) y, de hecho, las de Pb y Zn superaron 
los límites de contaminación (Macías and Calvo de Anta, 2009). Se observó una elevada 
concentración de Zn en la fracción 3 del suelo (F3) (Figura 2.2), donde el metal estaría unido a 
carbonatos o sorbido de forma específica. Debido a la elevada concentración de C orgánico 
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disuelto (COD) en los suelos enmendados y la correlación positiva y altamente significativa (P 
< 0.01) entre Zn en la F3 y COD, es probable que la concentración que había de esta forma de C 
en los residuos utilizados aumentase la concentración de Zn en esa forma móvil. 
Las concentraciones de macronutrientes aumentaron en el suelo de la balsa enmendado 
con residuos (B4Aw) hasta niveles óptimos para la mayoría de las plantas, excepto la 
concentración de calcio, que solo era adecuada para pinos y eucaliptos (Tabla 4.3). En el de la 
escombrera (M3w), las concentraciones de todos los macronutrientes, incluido el calcio, 
aumentaron hasta niveles óptimos para la mayoría de las especies vegetales. Los dos suelos 
enmendados aumentaron la concentración de amonio y la de N orgánico, indicando una futura 
fuente de N inorgánico. Por tanto, los residuos utilizados para enmendar (lodos de depuradora y 
residuos de fábrica papelera) son adecuados para proporcionar un nivel óptimo de nutrientes al 
suelo. La relación C/N de los dos suelos enmendados indica que en ellos predomina el proceso 
de inmovilización del nitrógeno. Esto puede ser debido al efecto limitante de la concentración 
de C, ya que probablemente no era suficiente para que los microorganismos sean capaces de 
degradar la gran cantidad de N orgánico aportada con los residuos. 
2.4. Efecto del uso combinado de árboles y residuos 
Plantar eucaliptos y añadir residuos al mismo tiempo en el suelo de la escombrera 
(M4vw) fue el tratamiento que más aumentó el pH del mismo, incrementándolo casi hasta 9 
(Tabla 4.2). También aumentó la CICe porque incrementó la concentración de cationes básicos 
y disminuyó la de Al
3+
. 
El uso de ambos tratamientos disminuyó la concentración pseudototal de Cr y Cu más 
que el uso de un solo tratamiento (Tabla 2.3). Se observó que el suelo M4vw tenía menos Cr y 
Cu en las fracciones no móviles (F4+F5+F6) que M1 y M3w (Figura 2.2). Es posible que el Cr 
y el Cu añadidos con las enmiendas se hayan liberado de las fracciones menos móviles por la 
acción de las raíces y luego hayan sido tomados por las plantas o lixiviados, ya que la 
concentración de estos metales en la fracciones móviles (F1+F2+F3) de M4vw fue menor que 
en M3w. Aunque la concentración de Cu extraíble con CaCl2 era baja en M4vw, seguía siendo 
un valor óptimo para la nutrición de la mayoría de las plantas. La concentración pseudototal de 
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Ni, Pb y Zn también incrementó con el uso de ambos tratamientos, donde la de Ni incluso 
superó el límite de contaminación (Macías and Calvo de Anta, 2009). Esto muestra claramente 
que fueron añadidos con los residuos utilizados. 
El suelo con ambos tratamientos aumentó las concentraciones fitodisponibles de Ca, K, 
Mg y P hasta niveles óptimos para la mayoría de las plantas (Tabla 4.3). También incrementó la 
concentración de N, pero no hasta esos niveles óptimos. De hecho, la concentración de amonio 
fue menor en este suelo que en el que solo fue enmendado (M3w). Esto puede ser debido a que 
el nitrógeno aportado con la enmienda 10 años antes del muestreo se fue mineralizando a lo 
largo del tiempo y el amonio que se fue produciendo se consumió más que otras formas de N 
porque los eucaliptos tienen preferencia por el amonio antes que los nitratos (Adams et al., 
1982). La relación C/N en M4vw indica que en él predomina el proceso de inmovilización del 
nitrógeno, como sucedía en los suelos que solo fueron enmendados. Esto también puede ser 
debido al efecto limitante de la concentración de carbono. 
3. Calidad biológica y del carbono de los suelos (Chapters 3 & 5) 
3.1. Punto de partida: calidad biológica y del carbono de los suelos sin tratamiento 
Los suelos B1 y M1 tenían una concentración de C orgánico (COT) y de C inorgánico 
(CI) extremadamente baja en comparación con suelos no degradados que tienen condiciones 
similares (formados sobre esquistos y vegetados con pinos y eucaliptos) y ubicados en la misma 
región (De Blas et al., 2010) (Tabla 3.3). Además, la mayoría del COT de estos suelos estaba en 
la materia orgánica libre, es decir, no humificado. La relación entre el Cmic y el COT en B1 y 
M1 también fue muy baja en comparación con suelos que son microbiológicamente activos 
(Kandeler et al., 1996), lo cual ralentiza la degradación de su escasa materia orgánica. La 
relación entre el N microbiano y el N total del suelo (Nmic/NT) fue muy baja en M1 comparada 
con la de suelos microbiológicamente activos (Jenkinson, 1988) (Tabla 5.1). Esto indica que el 
nitrógeno se está mineralizando muy lentamente en el suelo de la escombrera sin tratamiento. 
La relación Cmic/Nmic en M1 fue elevada (Tabla 5.1), lo que indica que los microorganismos que 
predominan son las bacterias, ya que el C/N de éstas es mayor que el de los hongos (Paul and 
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Clark, 1996; Harris et al., 1997). Esto se corroboró con la baja concentración de ergosterol 
obtenida en ese suelo (Figura 5.2). 
Las actividades de varias enzimas que participan en los ciclos de C y N en el suelo (β-
glucosidasa, β-N-acetil-glucosaminidasa, xilosidasa, ureasa y leucina) fueron muy bajas en M1 
(Figura 5.2). Sin embargo, la de la fosfomonoesterasa ácida (ciclo del P) fue similar a la de otros 
suelos no degradados (Figura 5.3). La actividad de la arilsulfatasa también fue muy baja en este 
suelo debido a su sensibilidad a la contaminación por metales (Figura 5.3). De hecho, se 
obtuvieron correlaciones negativas altamente significativas (P < 0.01) entre la actividad de esta 
enzima y las concentraciones pseudototales de Cr y Cu. 
3.2. Efecto de la vegetación arbórea 
Los suelos vegetados incrementaron significativamente su concentración de COT con 
respecto a sus respectivos suelos control (Tabla 3.3). La mayoría de su COT estaba aún en 
forma de MO libre, aunque se observó una lenta humificación de la MO porque aumentó la 
concentración de C orgánico en todas las fracciones (humina, ácidos húmicos y ácidos fúlvicos) 
(Figura 3.3). Esto puede ser debido a que aumentó la MO libre debido a los aportes de restos 
vegetales y a que su tasa de humificación es lenta porque el Cmic es bajo. De todas formas, esos 
aportes de COT han contribuido a aumentar significativamente la biomasa microbiana en los 
suelos vegetados. El C orgánico disuelto (COD) aumentó su concentración en estos suelos con 
respecto a los no tratados (Tabla 3.3), probablemente también gracias a la degradación 
microbiológica de los restos vegetales, como observaron anteriormente otros autores (Wershaw 
et al., 1996). La relación Nmic/NT continuó siendo igual de baja en el suelo vegetado de la 
escombrera que en el suelo sin tratamiento (M1) (Tabla 5.1). La relación Cmic/Nmic aumentó tras 
plantar árboles, lo cual indica un cambio en la comunidad microbiológica, de haber mayoría de 
bacterias a mayoría de hongos. Esto es beneficioso ya que los hongos son más eficientes que las 
bacterias transformando y almacenando nutrientes. El aumento significativo de la concentración 
de ergosterol tras plantar árboles corrobora el incremento de la comunidad fúngica (Figura 5.2). 
Este aumento de hongos en el suelo vegetado probablemente es gracias al aporte de nutrientes 
para ellos, por ejemplo lignina o celulosa (De Boer et al., 2005). Además, la menor 
concentración de Cr y Cu en el suelo tratado también contribuyó a la proliferación de estos 
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organismos, como muestran las correlaciones negativas entre ergosterol y las concentraciones 
de Cr y Cu (P < 0.01). 
La actividad de todas las enzimas estudiadas en el suelo vegetado, excepto la β-
glucosidasa, fue significativamente igual de baja que en el no tratado (Figura 5.3). Esto indica 
que solo vegetando con pinos y eucaliptos no se incrementa la actividad de enzimas que son 
importantes en el suelo. 
3.3. Efecto de las enmiendas elaboradas con residuos 
Añadir enmiendas a los suelos de mina aumentó en mayor medida su concentración de 
COT y de CI que vegetar con árboles (Tabla 3.3). El aumento en la concentración de CI 
contribuyó significativamente a aumentar el pH del suelo (P < 0.01). Por otro lado, a elevada 
concentración de COT en B4Aw y M3w contribuyó a disminuir la densidad de esos suelos y a 
aumentar su actividad microbiológica, como mostraron las correlaciones positivas altamente 
significativas entre dichas variables (P < 0.01). Aunque la concentración de Cmic fue 
significativamente mucho mayor en los suelos enmendados que en los control, la relación 
Cmic/COT siguió siendo inferior a la de suelos microbiológicamente activos, incluso tras añadir 
los residuos ricos en nutrientes (Tabla 3.3). Esto indica que a pesar de que las enmiendas añaden 
nutrientes y elevan el pH ácido del suelo, los microorganismos siguen teniendo la limitación de 
las elevadas concentraciones de algunos metales. La concentración de COT solo aumentó hasta 
niveles de suelos de la misma región que no estaban degradados en el enmendado en la balsa 
(B4Aw) (Tabla 3.3). Por tanto, aunque las enmiendas elaboradas con residuos son capaces de 
incrementar en gran medida la concentración de COT en un suelo degradado, es importante 
analizar los residuos antes de utilizarlos para saber si tienen la concentración apropiada. Además 
de incrementar la concentración total de C orgánico, los residuos añadidos también 
incrementaron la concentración de todas las formas de C (libre, humina, ácidos húmicos y 
ácidos fúlvicos) (Figura 3.3), lo cual indica que aporta tanto formas biodisponibles como 
fuentes de este nutriente. La relación Nmic/NT aumentó tras añadir enmienda al suelo de la 
escombrera hasta alcanzar el valor normal en suelos microbiológicamente activos (Tabla 5.1). 
Tanto la relación Cmic/Nmic como la concentración de ergosterol aumentó aún más con este 
tratamiento que con el de vegetar con árboles, lo cual indica que hay un cambio de mayor 
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magnitud hacia una comunidad microbiana con más hongos que bacterias. Las enmiendas 
seguramente proporcionaron fuentes de alimento para los hongos, ya que estudios previos 
mostraron que los residuos añadidos (lodos de depuradora y residuos de fábrica papelera) tienen 
elevados contenidos de lignina, celulosa y hemicelulosa (Hattori and Mukai, 1986; Li et al., 
2001). 
Los residuos añadidos al suelo de la mina contribuyeron a aumentar la actividad de todas 
las enzimas estudiadas excepto la de la fosfomonoesterasa (Figura 3.3). Este aumento es debido 
al aporte de nutrientes (fundamentalmente C y N) y al descenso de la concentración de metales. 
El hecho de que la actividad de la fosfomonoesterasa no aumentase en el suelo enmendado, a 
pesar de que la concentración de fósforo es mucho mayor que en el suelo sin tratar, puede 
deberse al pH de los suelos. El pH óptimo para el desarrollo de la fosfomonoesterasa ácida es 
alrededor de 4 (Arevalo et al., 1993; Garcia et al., 1993). El suelo M1 tenía un pH de 3,3 y el 
enmendado mayor de 8, por tanto, aunque el segundo tenga más P, el pH no favorece la 
actividad de la forma ácida de esa enzima. 
3.4. Efecto del uso combinado de árboles y residuos 
La concentración de COT fue significativamente igual de elevada (P < 0.05) en el suelo 
con ambos tratamientos (M4vw), que llevaba 10 años enmendado, que en el enmendado en la 
misma zona solo durante 6 meses (M3w) (Tabla 3.3). Si se observa la distribución del COT en 
las distintas formas químicas de C (libre, humina, ácidos húmicos y ácidos fúlvicos) sí que se 
pueden apreciar cambios significativos entre esos dos suelos. El que llevaba 10 años enmendado 
tiene una distribución más similar al suelo control que al recientemente enmendado, es decir, 
tenía la mayor parte del COT en la MO libre y las concentraciones en forma humificada estaban 
de nuevo por debajo de la de suelos no degradados. El hecho de que no se haya humificado el C 
en ese suelo puede deberse a su baja actividad microbiológica. La relación Cmic/COT y la 
actividad de las enzimas del ciclo del C seguían siendo tan bajas en M4vw como en M1 (Tabla 
5.1 y Figura 5.3). Sin embargo, la relación Nmic/NT sí que aumentó en este suelo hasta niveles 
de zonas microbiológicamente activas, probablemente gracias a la enmienda añadida. La 
relación Cmic/Nmic aumentó con este tratamiento combinado en la misma medida que con el de 
plantar árboles, lo cual indica que la comunidad microbiana tiene más proporción de hongos que 
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en el suelo sin tratamiento, pero menos que en el recientemente enmendado. Esto es 
corroborado por la mayor concentración de ergosterol en M4vw que en M1 (Figura 5.2). 
Como ya se ha comentado anteriormente, las actividades de las enzimas del ciclo del C en 
el suelo con ambos tratamientos después de 10 años de su aplicación eran significativamente 
iguales al suelo sin tratamiento (Figura 5.3). La única enzima que aumentó significativamente 
su actividad fue la arilsulfatasa, probablemente debido al descenso de la concentración de 
metales. Las enzimas de los ciclos de N tampoco aumentaron su actividad en M4vw, ya que la 
concentración de N en ese suelo fue significativamente igual a la de M1. Las enzimas del ciclo 
del C tenían baja actividad en M4vw, a pesar de que este suelo tenía una concentración de COT 
significativamente superior a M1, porque los sustratos que utilizan las enzimas estudiadas (p. 
ej., celobiosa, hemicelulosa, carbohidratos) fueron añadidos con la enmienda 10 años antes del 
muestreo y consumidos a lo largo de ese tiempo. Todo esto indica que es recomendable añadir 
lodos de depuradora y residuos de fábrica papelera con cierta periodicidad a los suelos para 
mantener una concentración apropiada de nutrientes para los microorganismos. 
4. Índice de calidad para suelos de mina (Chapter 6) 
La mayoría de las características que resultaron ser seleccionadas para elaborar cada uno 
de los índice de calidad (uno para suelos de balsa de flotación y otro para escombreras de mina) 
son las utilizadas habitualmente para evaluar la calidad de otros tipos de suelos (p.ej. pH o 
nitrógeno total). Sin embargo, también fueron seleccionadas otras variables que son importantes 
en minas metálicas enmendadas con residuos, como las concentraciones de distintos metales. 
Las variables relacionadas con el cobre (p.ej., Cu pseudototal), no fueron seleccionadas para 
ninguno de los dos índices de calidad propuestos. Esto podría ser debido a que la elevada 
concentración de Cu en todos los suelos estudiados hace que los diferentes valores de 
concentración entre ellos no sean relevantes como para modificar significativamente su calidad. 
No obstante, los valores de Cu estaban fuertemente correlacionados con varias de las 
características seleccionadas para los índices de calidad, con lo que estaría valorado de forma 
indirecta. 
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4.1. Calidad de los suelos de la balsa de flotación 
La calidad del suelo de la balsa ubicado en la zona sin tratamiento (B1) fue muy baja, 
porque la mayoría de los indicadores del índice de calidad propuesto tuvieron puntuación nula o 
negativa (Tabla 6.4). La aplicación de los tratamientos de recuperación incrementó 
significativamente la calidad del suelo de la balsa. El tratamiento que más la aumentó fue 
enmendar con residuos porque incrementó el pH, la CICe, el diámetro medio ponderado de las 
partículas, las concentraciones de todas las formas de C orgánico, la concentración de N total, el 
porcentaje de la fracción arcilla y la concentración de K fitodisponible (Tabla 6.4). Plantar 
árboles también incrementó la calidad del suelo de la balsa, pero menos que enmendar con 
residuos. Probablemente plantando pinos o eucaliptos en balsas de flotación no sea posible 
incrementar tanto la calidad del suelo como enmendando con residuos, aunque serían necesarios 
más estudios en condiciones de campo para confirmar esta hipótesis. 
4.2. Calidad de los suelos de la escombrera 
La calidad del suelo de la escombrera ubicado en la zona sin tratamiento (M1) también 
fue muy bajo (Tabla 6.5). En esta zona de la mina, los dos tratamientos de recuperación también 
incrementaron significativamente la calidad del suelo y de nuevo enmendar con residuos resultó 
ser el más efectivo. Cabe destacar que el suelo con ambos tratamientos (M4vw) mostró un 
índice de calidad menor que los ubicados en zonas con un solo tratamiento (B2v o M3w). Los 
tratamientos de recuperación (solos o combinados) incrementaron la calidad del suelo de la 
escombrera porque aumentaron el pH, la estabilidad de los agregados al agua y las 
concentraciones de humina y Ca fitodisponible. Además, enmendar con residuos (suelos M3w) 
también incrementó las concentraciones de Zn fitodisponible, CFA, CHA, N total y biomasa 
microbiana. 
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Conclusiones Globales 
1. Los suelos de las zonas de la mina sin tratamiento de recuperación tuvieron una calidad 
muy baja, la cual aumentó significativamente en las zonas tratadas. 
2. El tratamiento de recuperación que más aumentó la calidad de los suelos de mina fue 
enmendar con residuos (lodos de depuradora y residuos de fábrica de papel). 
3. Es recomendable añadir este tipo de residuos periódicamente a los suelos de mina porque 
las características que hacen aumentar su calidad disminuyen a lo largo del tiempo. 
Conclusiones Específicas 
1. El uso combinado de plantar pinos o eucaliptos y enmendar con residuos es el mejor 
tratamiento para incrementar la calidad física de suelos de mina degradados. Los árboles 
incrementaron la porosidad del suelo y las enmiendas el diámetro medio de partícula y la 
estabilidad de los agregados. 
2. Los lugares de la mina que no recibieron ningún tratamiento de recuperación estaban 
contaminados por cromo y cobre. Los tratamientos utilizados disminuyeron 
significativamente la concentración pseudototal y fitodisponible de esos metales en los 
suelos. 
3. La distribución de las concentraciones pseudototales de Cr, Cu, Ni, Pb y Zn en las 
distintas fracciones de cada suelo estaba más influenciada por el porcentaje de arcilla y 
las concentraciones de C orgánico total y disuelto que por el pH o la capacidad de 
intercambio catiónico. 
4. Plantar árboles y enmendar con residuos aumentó la concentración de C total y 
humificado en los suelos de mina, pero esta concentración sólo aumentó hasta un valor 
habitual en suelos no degradados con la aplicación del segundo tratamiento. 
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5. El único tratamiento que incrementó las concentraciones de macro- y micronutrientes 
hasta niveles óptimos para la mayoría de las especies vegetales fue enmendar con 
residuos. 
6. Es recomendable añadir periódicamente a los suelos de mina residuos con una relación 
C/N equilibrada y elevada concentración de N para que este nutriente no actúe como 
factor limitante al pasar cierto periodo de tiempo tras la aplicación de la enmienda. 
7. La plantación de especies leguminosas ayudaría a aumentar la tasa de fijación de N en los 
suelos enmendados. 
8. Deben utilizarse residuos con baja concentración de aluminio para enmendar zonas de 
mina, ya que sus suelos suelen tener elevada concentración de este metal. 
9. Aunque la actividad de las enzimas involucradas en los ciclos del C y el N incrementó 
muy significativamente tras la aplicación de residuos, las elevadas concentraciones de Cr 
y Cu en el área enmendada aún influyó negativamente en dichas actividades. 
10. Tanto plantar árboles como enmendar con residuos parece influir en un cambio de la 
comunidad microbiológica del suelo hacia una predominancia de hongos en vez de 
bacterias, lo cual aumentaría la eficiencia del uso de C y N. 
11. La concentración de C de la biomasa microbiana fue muy baja en las zonas no tratadas y 
solo aumentó hasta niveles similares a zonas no degradas tras la aplicación de residuos. 
12. La calidad de suelos de balsa de flotación recuperados plantando árboles y enmendados 
con residuos debe ser determinada analizando varias características físicas y químicas de 
los mismos. 
13. La calidad de suelos de escombrera recuperados plantando árboles y enmendados con 
residuos debe ser determinada analizando, además de varias características físicas 
químicas de los mismos, su concentración de C de la biomasa microbiana.  
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Overall Conclusions 
1. The soils located in the untreated mine areas had very low quality, which was 
significantly increased in the treated. 
2. The reclamation treatment that most increased the quality of the mien soils was amending 
with wastes (sewage sludges and paper mill residues). 
3. It is recommendable to add periodically these types of wastes to mine soils because the 
characteristics that make increase their quality decrease over time. 
Specific Conclusions 
1. The combined use of planting pines or eucalyptuses and amending with wastes was the 
best treatment to increase the physical quality of degraded mine soils. Trees increased soil 
porosity and amendments increased mean weight diameter and aggregate stability. 
2. The untreated areas in the mine were polluted by chromium and copper. The used 
treatments significantly decreased the pseudototal and phytoavailable concentration of 
these metals in the studied soils. 
3. The distribution of the Cr, Cu, Ni, Pb and Zn pseudototal concentrations in the different 
soil fractions was more influenced by the clay percentage and the total organic C 
concentration than for soil pH of cation exchange capacity. 
4. Planting trees and amending with wastes increased the total organic C and humified C 
concentrations in mine soils, but that concentration just increased to a value usual in no-
degraded soils after the use of the second treatment. 
5. The only treatment that increased the concentrations of macro- and micronutrients up to 
optimum levels for most plant species was amending with wastes. 
Conclusions 
258 
6. It is recommendable to add wastes with a balanced C/N ratio and high nitrogen 
concentration periodically to mine soils to avoid that this nutrient acts as a limiting factor 
some time after applying the amendment. 
7. Planting legume species would help to increase the rate of nitrogen fixation in the 
amended soils. 
8. It should be used wastes with low aluminium concentration to amend mine zones, since 
their soils usually have high concentration of this metal. 
9. In spite the activity of the enzymes involved in C and N cycles strongly significantly 
increased after the addition of wastes, the high concentrations of Cr and Cu in the 
amended area still negatively influenced these activities. 
10. Planting trees as well as amending with wastes apparently influenced a change in the soil 
microbial community towards a predominance of fungi rather than bacteria, which would 
increase the efficiency in the use of soil C and N. 
11. Microbial biomass C concentration was very low in the untreated areas and it just 
increased up to a level similar to no-degraded areas after the addition of wastes. 
12. The quality of the settling pond soils reclaimed by planting trees and amending with 
wastes should be determined by analysing several of its physical and chemical 
characteristics. 
13. The quality of the mine tailing soils reclaimed by planting trees and amending with 
wastes should be determined by analysing, in addition to several of its physical and 
chemical characteristics, its microbial biomass C concentration. 
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